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PREFACE 


My aim in writing this book has been to give a compre- 
hensive account of the science of Heat in both its theoretical 
and experimental aspects, so far as this can be done without 
the use of the higher mathematics. It is intended for students 
who already possess an elementary knowledge of fundamental 
physical principles, but whose training has not, as yet, qualified 
them to derive full benefit from more advanced text-books, 
foremost amongst which must be placed the excellent treatise 
on “ The Theory of Heat,” by Professor Thos. Preston, JSI.A., 
F.R.S., &c. 

Much recent work has been included in order to give as 
complete and many-sided a survey of the subject as possible. 
The experiments to be performed by the student have been 
selected so as to illustrate the most important points in each 
chapter, and it is believed that the descriptions given will be 
found sufficient to ensure accurate results. 

Great stress has been laid on the necessity for due precautions 
in connection with thermometry. The whole science of heat is 
based on thermometric measurements, hence too greaf an im- 
portance cannot be attached to this part of the subject. 

Following the nomenclature used in the Smif/isoniaft Physical 
Tables^ the term therm has been used to denote the quantity^ of 
heat necessary to raise the temperature of one gram of water 
through 1° C. Confusion between the gram-caloric and the 
kilogram-caloric (which are oft-en Indiscriminately denoted by 
the term calorie) is thus avoided. 

In treating of Thermodynamics an acquaintance with the 
method of expansion by the Binomial Theorem is assumed. 



VI 


PREFACE 


The notation of the infinitesimal calculus has been used, but 
each problem has been worked out from first principles, no 
previous knowledge of the calculus being taken for granted. 
The proofs given are consequently often much longer than 
those fonnd in advanced text-books, but the clear indication 
of the various assumptions made in the course of each investi- 
gation will prove a sufficient compensation to the conscientious 
student. The necessity for a careful study of Thermodynamics 
has been emphasised by the recent publication of popular 
accounts of the “wonderful” properties of liquid air. Even a 
slight knowledge of thermodynamical principles would have 
created as much distrust in these reports as in an account of 
any other method of obtaining perpetual motion. 

A short section has been devoted to the use of Temperature- 
Entropy diagrams. 

Owing to the kindness of the publishers a considerable 
number of illustrations, representing historic apparatus, has 
been included, those marked [P.] being from the |>reviously 
mentioned treatise of Prof. Preston, but no fewer than 155 
figures have been specially prepared for the book. 

My best thanks are due to Prof. R. A. Gregory and Mr. A. 
T. Simmons for their constant help and advice whilst the sheets 
have been passing through the press. Mr. Robert B. Thomp- 
son and Mr. Leslie H. Hounsfield have also kindly read the 
proofs of the earlier pages, and their criticisms, being those of 
earnest and painstaking students, have proved most valuable. 

My thanks are also due to the authorities of the Albert and 
Victoria Museum, South Kensington, who kindly gave me per- 
mission to photograph some valuable historical apparatus in 
their collections for reproduction in this book. 

EDWIN EDSER. 

Putney, 

September ^ iSgg. 

The attention of students is directed to the solutions of difficult 
problems given on pp. 473-487. 
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CHAPTER I 

TKMPERATURK AND THERMOMETRY 

Temperature. — Our unaided senses suflfice to distinguish 
between those conditions of a body which arc dcsignate^d by 
the terms hot and cold. It may, however, be remarked that the 
information thus acquired is of a somewhat relative character. 
A well-known experiment will illustrate this. 

Exrr. I. — Arrange three lx)wls, A, B, C, so that A contains cold 
water, B contains water that is somewhat warmer than that in A, whilst 
the water in C is warmer than that in either A or B. Immerse the 
right hand for some tiu\c in C, the left hand at the same time Ixjing 
immersed in A. Now plunge l)oth hands into B ; the water in this 
howl will l)e felt to he cold by the right, and warm by the left hand. 

On a frosty day, a piece of metal which has been ex|X)sed to 
the air, will seem colder, when topched, than a piece of wood 
which has been similarly treated, although both the wood and 
metal are really equally cold. 

Nevertheless, our ideas of hotness and coldness arc funda- 
mentally derived from our sensations ; and though we may have 
cause to distrust, in particular instances such as those given 
above, the information which we obtain through these channels, 
it does not follow that we should, even were it possible, discard 
entirely these foundations for our knowledge of the phenomena 
connected with the science of Heat. 

!£ 


B 
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We may understand the expression “the temperature of a 
body” to mean its hotness (in the first place as determined 
by our sensations), compared with some standard temperature 
to be selected. A satisfactory definition of the meaning of the 
term “ temperature ” is at present impossible ; the definitions 
which have been proposed either contain vague terms which 
render their use exceedingly unscientific,* or else they define a 
state, of which we have some positive knowledge, in terms of 
certain assumptions which are really forced upon us by pheno- 
mena connected with the very condition which we seek to define. 
The latter form of arguing in a circle is to be particularly 
discountenanced. 

Unsatisfactory Definitions of Temperature.— A few 

remarks upon some definitions * of temperature, frequently met 
with, but fundamentally unsatisfactory, will illustrate the diffi- 
culty of expressing the meaning of temperature in e.xact words. 

1. “The temperature of a body is the energy with which the 
heat in a body acts in the way of transferring or communi- 
cating a portion of itself to other bodies.” 

This is a mere string of words, which may be learnt by heart, 
and may so give a feeling of knowledge gained. But upon 
analysis it is found to explain temperature — of which, as Ijcfore 
remarked, we have some definite knowledge — in terms of “heat ” 
(a hypothetical substance) and “ energy ” (a term which has a 
definite mechanical signification, but is here loosely applied, or 
misapplied). 

2. “ The temperature of a body is its power to communicate 
heat to other bodies.” 

This definition, though simple, and therefore to be preferred 
to the above, is essentially bad : {a) in the use of the term 
“ power ” in an unscientific sense, and in introducing the 
assumption of something new and unknown, termed “ heat,” to 
explain temperature. 

Other similar definitions comprise such terms as “ sensible 
heat.” These are either unmeaning or erroneous. We are not 
directly sensible of heat, but of the temperature to which our 
skin is raised. 

At this stage, therefore, we may much more usefully under- 

1 For a further clLscussion of this point see Preston’s Heat^ p. 31. Macmillan 
and Co. 
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stand by iemperature merely the hotness of a body measured in 
a manner to be subsequently agreed upon. 

A great part of the science of Heat is occupied with settling 
the most trustworthy methods of measuring temperature. 
Some of these methods will be described in the present 
chapter. 

Thermoscopes. — A thcrmoscope may be defined as an 
arrangement which indicates the attainment of a certain arbitrary 
temperature. 

Exrr. 2. — Support a piece of thick sheet copper in a horizontal 
position on a tripod stand, and sprinkle small quantities of sulj)hur, 
lead, washing soda, jiaraftin wax, sealing wax, &c. , &C. , on it ; then, if 
the copper be gradually heate<l by means of a Jhmsen Inirner, it will l>c 
fouml that first one and then another of these substances will lx‘ 
melted. 

We might, therefore, when the paraffin wax melts in the fore- 
going experiment, say that the copper is at the temperature of 
melting paraffin wax, and so on. This method is actually used 
in certain scientific experiments. 

Expt. 3. — It is well known that the dimensions of almost all 
bodies are altered by a change of temperature. A well-known ex- 
periment illustrates this. A brass ball which, when cold, wall pass 
freely through a certain circular aperture, is found to be too large 
to do so when its temperature has l>een considerably raised. On cool- 
ing, however, it falls through the aperture when a certain temperature 
is reached, and we might use this fact to define a certain arbitrary 
temperature of the ball. 

A Thermometer is an Instrument designed to 
measure Temperature. --As a matter of fact, thermometers 
primarily indicate the temperature of the substances employed 
in their construction ; but it is generally arranged that these 
substances should acquire the temperature of the medium in 
which they are placed. 

Any property of matter which varies continuously wdth the 
temperature might be used to measure temperature. Thus, 
linear expansion, cubical expansion or dilatation, the electrical 
resistance of a conductor,, the thermo-electric force at the 
junction of the two unlike metals — all these and many other 
properties are used to measure temperature. In every case, 

B 3 
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however, the measurements are based on the arbitrary selection 
_ of two standard temperatures, and the sub- 

division of the interval between them into a 
convenient number of divisions or degrees. 

The methods used in measuring temperature, 
and the precautions to be iidopted in construct- 
ing a thermometer, are well illustrated in the 
construction and use of a mercury thermometer, 
which will now be described. 


Mercury Thermometer. — When mercury 
is heated, its volume increases ; consequently, 
if a method of measuring this increase of volume 
can be arranged, the temperatures correspond- 
ing to any given increase can be defined. 

Let us suppose that wc have a bulb blown on 
the end of a glass tube, and that the bulb and 
part of the tube are filled with mercury. Let us 
further assume, for the moment, that the volume 
of the bulb and tube remains unaltered as the 
temperature is varied. Then, if the mercury be 
cooled to the temperature of melting ice, by 
immersing the bulb and the part of the stem 
filled with mercury in ice-shavings or snow, the 
position occupied by the mercury meniscus may 
be marked on the stem, thus giving one fixed 
temperature. 

It is known that a pure liquid boils at a con- 
stant temperature as long as the pressure of its 
vapour is maintained constant. Consequently, 
the temperature of the vapour above pure water, 
boiling under some arbitrary pressure, will be 

# constant, and we may define this as the second 
fixed point on the thermometric scale. The bulb 
and that part of the tube containing mercury are 
placed in steam, and the position of the extremity 
of the mercury column is marked on the stem. 

If the bore of the tube is uniform along its 
whole length, then we may divide the space 
between these two marks into any convenient number of equal 
spaces — one hundred such spaces are marked on an ordinary 


Fk;. I. — Mercury 
Thermometer. 
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Centigrade thermometer. When the mercury meniscus is oppo- 
site any one of these, we may state that the temperature of the 
mercury has a certain value ; and if the conditions of the 
experiment are so arranged that the thermometer thus con- 
structed has had an opportunity of acquiring the temperature 
of the surrounding medium, we may thus determine the tem- 
perature of the latter. 

We have tacitly assumed, up to the present, that one end of 
the thermometer tube is open to the atmosphere. The dis- 
advantages of this arrangement are : 

1. Liquids or foreign substances might enter the tube, and 
thus cause trouble. 

2. Mercury might leave the tube ; this would certainly 
happen, since mercury slowly evaporates, even at ordinary 
temperatures. 

Consequently, an advantage will be gained by closing the end 
of the tube. As a general rule, the space above the mercury 
is freed from air ; if this were not so, the pressure produced 
by the compression of the enclosed air by the expanding 
mercury would break the walls of the bulb, unless these were 
very thick. 

Construction of a Thermometer.— The first thing to be 
attended to in this connection, is the selection of the tube to be 
used for the stem of the instrument. As to the bore of the tube, 
it can easily be seen that the smaller this is, the greater will be 
the sensitiveness of the thermometer, assuming the bulb to have 
the same size in all cases ; or, on the other hand, for a given 
sensitiveness, the size of the bulb can be diminished, according 
as a tube of a finer bore is employed. The exact relation 
between the bore and the size of the bulb may be determined as 
follows : — 

Let V = volume of bulb. (If the bulb is spherical, z' = ^ irR*, where 
R = radius of the sphere. ) ^ 

Let a — internal sectional area of tul>e. (If the section of the bore is 
circular, a — where r = internal radius of the tul>e. ) 

lA*t X = distance that the end of the thread of mercury in the stem 
moves through for a rise of temperature of i" C. 

Let a = the increase in volume experienced by unit volume of mercur)’ 
when heated through i^C. 

Th^ increase in the volume of the mercury contained by the bulb. 
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when the temperature is raised by C = 7'a. Tliis mercury flows into 
the stem, and fills an extra length x of the latter. 

7 ’a 

ax = va X = . 

a 

With a spherical bulb and a stem of circular bore, 

\irR^ 4 RS 

X ~ ■ - a = a. 

irH 3 /*' 

Example. — It is rctpiired to construct a mercury thermometer from 
tubing of circular bore, the internal diameter l)eing equal to *2 mm. 
What must l)e the diameter of the bulb blown (taking a — 'oooiSi per 
i”C.) in order that the distance between consecutive degree divisions 
should be equal to 2 mm.? 

In accordance with the above reasoning R^ = ^ -• 


R=» 


’ ~ ~ X 2 X (‘Ip X * - = 82-8. 

4 'oooiSi 

R = V^2‘8 = 4*36 mm. 


. •. Internal diameter of thermometer bulb = 872 mm. 


This example shows that in order to obtain reasonable 
sensitiveness, combined with a bulb of moderate size, a tube of 
very small bore must be used. 

Thermometers with Cylindrical Bulbs.— Ordinary 
chemical thermometers are made with cylindrical bulbs, so as 
to facilitate their introduction into flasks, &c., through small 
apertures. A not uncommon length for such a bulb would 
be 20 mm., the diameter being about 3 mm. Let us now 
determine what must be the diameter of the tube employed, in 
order that successive degree divisions should be 2 mm. apart. 

r'>* 

X = 2 mm. 

» = ir X (1*5)® X 20 c. mm. 

Hence, if r = internal radius of the tube employed, which is supposed 
1 o have a circular bore, 

X 2 = IT X {l* 5 )‘^ X 20 X *000181. 
r® = *0040689 mm. 
r = *0637 mm. 

Internal diameter of tube = 0*1274 
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Fig. 3. — Section of 
Stem of Chemi- 
cal Thermometer. 


This bore is so small that great difficulty would be experienced 
in noting the position of the end of the mercury 
thread. In order to overcome this difficulty, 
tubing with an elliptical or flattened bore 
(Fi&- 3) is generally used. Thus, when the mer- 
cury is viewed at right angles 
to the longer axis of the 
ellipse, the position of the end 
of the column is plainly visible. 

The glass itself serves to 
furnish a magnified image of 
the mercury column. In ad- 
dition, a layer of white enamel 
is frequently embedded at the 
back of the tube ; thus giving a good back- 
ground for viewing the mercury. 

In chemical thermometers of the class under 
discussion, the graduations are generally en- 
graved on the front or clear glass surface of 
the thermometer tube. In taking readings, it 
is necessary to carefully avoid parallax. This 
can be done with great accuracy by placing the 
eye in such a position that the engraved divi- 
sions in the neighbourhood of the top of the 
mercury column are seen just to overlap their 
reflections in the mercury. 

Thermometer Tubes should be of 
Uniform Bore. — In selecting a tube for the 
construction of a thermometer, it is most im- 
portant to determine whether the bore is uni- 
form throughout the length to be used. This 
point may be settled by carefully sucking a 
short thread of mercury into the tube,> and 
measuring its length when occupying various 
positions in it. A tube in which these lengths 
vary by more than a very small amount should 
be discarded. 

The bulb of the thermometer is sometimes 
blown directly from the glass composing the 
tube, but more often is made independently and fused <Jn to 


Fig. a. — Chemical 
Thermometer. 
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the stem. Before doing so, the inside of the tube is carefully 
cleaned, as any traces of dust or other foreign matter will sub- 
sequently cause great trouble and annoyance. 

Pilling the Thermometer. — Before the bulb has been 
sealed on to one end of the stem, a thistle funnel A is blown 
on the other end of the latter. The tube is also 
drawn out at the point B where the thermometer 
is to be sealed ofif. In doing this, care must be 
taken to pull the tube out as little as possible, 
but to allow the glass to collapse so as to leave 
only a very fine .aperture, the walls remaininj^ 
thick. 

It is further worth while to blow a small ex- 
pansion, C, .at a point just .above the position 
selected for the graduation marking the highest 
temperature which the thermometer is required 
to measure. By this means accidental breakage 
of the thermometer through a small overhe.ating 
is guarded against. 

The funnel A having been filled with pure 
dry mercury, the bulb I) is slightly he.ated so 
as to drive out some of the imprisoned air. 
On allowing D to cool, mercury will be drawn 
in. Am.ateurs often heat the bulb too much 
to start with, resulting in a breakage due to 
the cold mercury suddenly cooling the hot 
glass. When once a small amount of mercury 
has been drawn into the bulb there is less fear 
of this mishap, since the bulb is then not likely 
to be heated to a greater temperature than that 
cf boiling mercury. 

Subsequent heatings .and coolings will suffice 

to entirely fill the bulb and stem with mercury. 

Fir,. 4.— Chemical Finally the whole of the contained mercury 

Thermometer in must bc boilcd. This caniiot bc done without 
Course of Con- •!»» ... i* .-1 . 

struction. Considerable risk when nothing further th.an a 

naked flame is used. Greater s.afety is attained 
by placing the thermometer, together with its att.ached thistle 
funnel filled with mercury, in an enclosure which can be 
heated to a sufficiently high temperature, and subsequently 
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allowed to cool gradually. The mercury is boiled in order to drive 
off the air which otherwise always clings to the walls of the tube. 

In order to seal the thermometer off, the mercury in the 
bulb and stem is raised to a temperature sufficiently above 
that which is to correspond to the highest graduation ; this 
temperature will be that at which the thermometer will burst 
after being sealed off. A small pointed flame is then directed 
on to the constriction B, F'ig. 4, and the mercury having been 
evaporated from the neighbourhood of the point of the flame, 



the temperature is increased till the 
tube fuses and the walls fall together, 
when the upper part may be pulled 
off. 

Determitiation of the Fixed 
Points. — The determination of the 
fixed points of a thermometer should 
be postponed for at least a week after 
the thermometer has been filled and 
sealed. The most convenient fixed 
points for a thermometric scale are 
those corresponding to the melting 
of pure ice in distilled water, and the 
boiling point of water at standard 
atmospheric pressure. 

In order to determine the freezing 
point, the lower part of the thermo- 
meter is surrounded with ice shavings. 


Fic;. 5.— Arrangement for Deter- 
mining; the Freezing Point of 
a Thermometer. 


or freshly-fallen snow ; a better result 
is thus obtained than when ice in the 
form of small blocks is used. For a 


very accurate determination, distilled 
water contained in a test tube is frozen round a piece of 
copper rod, and the latter hjiving been removed, the ther- 
mometer bulb is placed in the aperture so formed, the space 
between the bulb and the ice being filled with distilled 
water. The whole is then placed in an inverted funnel filled 
with ice shavings, and left for a space of half an hour or 
so. The position of the extremity of the mercury column 
may then be marked, and if it is found that no alteration 
in its position takes place in about ten minutes, this* point 
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may be taken as the freezing point, or zero of the ther- 
mometer. 

In order to facilitate marking the position of the freezing 
point, a thin layer of varnish or paraffin wax may be laid on 
the stem ; a scratch in this maybe subsequently etched into the 
glass by means of hydrofluoric acid gas.- 

Expt. 4. — You are provided with a mercury thermometer, a 
funnel, some ice, and a chisel or a steel plane, and are required to test 
the accuracy of the freezing point (0"“ C. ) as marked on the thermometer. 

By means of the chisel or plane obtain a quantity of ice shavings and 
place these in the funnel. Embed the thermometer bulb and the lower 
part of the tube in these, and take readings at intervals, entering these 
in your observation book. The reading which the mercury meniscus 
Anally gives may be taken as the true zero of the thermometer. Hence 
deduce the error of the instrument supplied, and write this down, being 
careful to note whether this error is + or - . 

The correct determination of the boiling point of a 
thermometer is a matter of greater difficulty. It is best to 
mark the position of the extremity of the mercury column 
when the bulb and stem are surrounded by steam, at the same 
time noting the height of the barometer. A correction can 
then be calculated, giving the amount by which the graduation 
so obtained is removed from the boiling point under standard 
atmospheric pressure. 

The apparatus used for the determination of the boiling point 
is shown in Fig. 6. It is best to provide the cork, through 
which the thermometer is thrust, with a rather large hole, the 
thermometer being prevented from slipping through by a ring 
cut from a piece of indiarubber tubing fitting tightly on it. The 
whole of the stem as far up as the extremity of the mercury 
column should be surrounded by steam. When the extremity of 
the mercury column has attained a position which does not 
alter during five or ten minutes, it can be marked by a scratch, 
and the barometer immediately read. 

The thermometer tube may now be graduated. A coat of 
paraffin wax having been laid evenly over the stem, the distance 
between the fixed points is divided into 100 equal parts ( 2 CX) 
parts if half degree graduations are employed). The positions 
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of the graduations are marked by scratches in the wax. They 
may be etched into the glass by hydrofluoric acid, the vapour 
being used in preference to the liquid. 



Fig. 6.— Arrangement for Determining the Hoiling Point of a Thermometer. 

Exrr. 5* — You are provided with a mercury thermometer, and an 
apparatu.s similar to that shown in Fig. 6. You are retpiired to test 
the accuracy of the boiling point graduation (ioo'’C. ). 

Care must be taken, in the first place, that steam has been given off 
copiously during some minutes before a reading is taken ; and secondly, 
that no obstruction is opposed to the escape of the steam. 
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The upper part of the vessel in which the thermometer is 
placed is seen in Fig. 6 to consist of two concentric tubes, so 
arranged that the steam ascends the inner one, and escapes 
after having descended through the space between the two. 
By this means it is ensured that the metal tube nearest to the 
thermometer shall be at the temperature of the steam. Thus 
the temperature of the thermometer will not be lowered by 
radiation. {See Ch. XXI.). 

It is best to arrange that the thermometer bulb is much 
higher above the water surface than is shown in Fig. 6. It is 
possible for the water to be at a temperature much above 
loo'’ C., and if any of this should be splashed on to the bulb 
errors might ensue. 

Read the Barometer the moment after you make your final 
observation, at the same time noting the temperature of the air 
near the Barometer. The necessary corrections to be applied 
will be explained in Chapter II. 

Expt. 6. — After having determined the reading of the thermo- 
meter, when the bull) and the whole of the mercury column are sur- 
rounded by steam, withdraw the thermometer l)y al)out lo degree 
divisions at a time, and note the temperature indicated in each case. 
The part of the mercury column not surrounded by steam is called the 
exposed column. Enter your results in a table similar to the billowing 


Length of Exposed Column. 

Reading. 

i 

Error due to Exposed Column. | 



i 

1 


Different Thermometric Scales. — We have heretofore 
considered only the Centigrade thermometric scale, in which 
the freezing point of water is defined as o®, and the boiling point 
as loo^, the intermediate temperatures consequently comprising 
loo degree divisions. This system is now used in scientific 
work all over the world. 

The Fahrenheit scale of temperature is characterised by the 
boiling point of water being defined as 212°, while the freezing 
point of water is 32'" j hence th^r^ ^r^ 180 decrees between 
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freezing and boiling points. The origin of the scale appears 
to have been as follows ; — 

When the temperature of a given mass of mercury is raised 
from the freezing point to the boiling point of water, the volume 
of the mercury is increased by about i8o/io,oooths of its value 
at the freezing point (see p. 81). Hence if there are 180 degrees 
of temperature between the freezing and boiling points of water, 
a given mass of mercury will expand by i/io,oooth part of its 
volume at the freezing point, for every degree through which its 



Centigntde Fahrenheit Reaumur 
Fig. 7. — Comparison of Different Thcrmometric Scales. 

temperature is raised. Further, the mercury will lose t/io, 000th 
of its volume at the freezing point, for every degree through 
which it is cooled below that temperature. Fahrenheit found 
that at the lowest temperature he could obtain by mixing ice 
and salt together a given mass of mercury had lost 32^o,oooths 
of the volume it possessed at the freezing point of water, and he 
defined this temperature as zero ; hence the freezing point of 
water became 32*^, and the boiling point of water became 
32 + 180=212° on the Fahrenheit scale. 

The Fahrenheit scale of temperature is in general use in 
England, both for domestic purposes and by engineers. It has 
nothing to recommend it but its wide-spread acceptance. 

In the Reaumur system the freezing point of water is defined 
as 0°, the boiling point of water being defined as 80°. This 
scale is used for domestic purposes in some parts of the 
Continent, but has no special advantage. 
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In converting a temperature from one system to another, tlie 
following system of reasoning must be employed : — 

The interval of temperature between the boiling and freezing 
points of water is equal — 

On the Centigrade scale, to loo— o = loo'^. 


V 


Fahrenheit 

Reaumur 


>5 

5 ? 


„ 212 -32 




80 


180^. 
o - Sd\ 


Consequently an intcfiuil of te»ipef\i(ure t C. is equal to 

X 1 80 C X 9 . , _ , , . , T r ) 1 

___ lYi the fahrenheit scale. If t denotes a tem- 

100 5 

perature indicated by a Centigrade thermometer, then tlie 
corresponding temperature on the Fahrenheit scale will be 
equal to 

Cxq 

5 + 3-" 

Consequently we have the following relations : — 


Fahrenheit temp. = 
Centigrade temp. =■- 


Cent. temp, x 9 




Reaumurtemp. x 9 


5 4 

( Fah. te m p. - 32) x 5 _ Rd'mmur temp, x 5. 
g 4 


+ 33. 


Example . — The B.P. of sulphur under normal atmospheric 
pressure is 444’S^ What temperature will be indicated by 
a Fahrenheit thermometer when immersed in the vapour of 
sulphur boiling under normal pressure ? 

The required temperature == ---1 4- 32 = 832*1° F. 


Example . — Assuming the temperature of the blood of a 
healthy man to be 98° F., what temperature would be indicated 
by a Centigrade thermometer after the bulb has been placed for 
a short time in the mouth of such a person ? 


The required temperature 


(98 - 32 ) 5 

9 


== 36*7° C. 


Sensitive Mercury Thermometers.— In order that it 
may be possible to read a temperature with great accuracy, it is 
obvious that the extremity of the mercury column should move 
through a considerable distance along the stem for a small 
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alteration of temperature. Consequently, if 
such a thermometer is to be used for measur- 
ing temperatures from o° C. to loo'’ C., either 
a very long stem must be provided, or some 
modification of the usual form must be em- 
ployed. 

The most usual procedure is to furnish 
the upper extremity of the thermometer tube 
(which is bent over as shown in Fig, 8), with 
an enlargement into which part of the mer- 
cury can be driven by heating. A sufficient 
amount of mercury must be left in the 
bulb and stem to give readings between the 
required temperatures. Fig. 8 represents a 
thermometer of this description. The follow- 
ing points in its construction may be noted. 

In order to avoid the errors due to the 
irregular motion of the mercury in a very 
fine tube, a tube of comparatively large bore 
is employed. It has already been pointed 
out that the sensitiveness of a thermometer 
depends on the ratio. Volume of bulb : 
Sectional area of bore of tube, and as the 
bore is made comparatively large, a very 
large bulb is required. The stem is pro- 
vided with an enlargement into which part 
of the mercury can be driven, for reasons 
explained above. The thermometer tube is 
made with comparatively thin walls, and 
to protect it from injury it is contained 
within a wider tube, which is fused at its 
lower extremity on to the bulb. The gradu- 
ations are marked on a separate enamelled 
scale placed behind the thermometer tube, 
and inclosed in the outer guard tube. In 
order that this thermometer should be 
capable of furnishing readings for very quick 
changes of temperature, the walls of the 
bulb must be made very thin. This of 
course will expose it to considerable errors due 
to variations of pressure. (See Chapter II.). 




Fig. 8. — Sensitive Mercury Thermometer. 
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The fixed points of such a thermometer obviously cannot be 
obtained in the manner previously described. Its scale must 
be calibrated by comparison with a standard thermometer. 
Such a thermometer as that considered is, however, more often 
used to measure small changes of temperature than to determine 
actual temperatures. 

Alcohol Thermometei^. — The expansion of a given 
volume of al/ohol or ether, when heated through i° C., is, 
roughly speaking, about ten times as great as tl^e expansion of 
an equal volume of mercury under similar conditions. Hence 
a given bulb and tube will form a much more sensitive ther- 
mometer when filled with alcohol than when filled with mercury. 
An alcohol thermometer consequently possesses the following 
advantages over a similar mercury thermometer. 

Advantages of an Alcohol Ther 7 nometer : — 

1. P'or a given size of bulb and tube, an alcohol thermometer 
will be more sensitive than a mercury thermometer ; or, for a 
given sensitiveness, the bulb of an alcohol thermometer may be 
made ten times smaller than that of a mercury thermometer 
with a stem of the same bore. 

»* 

2. Alcohol being much less dense than mercury, varia- 
tions in the internal pressure are less to be feared. {^See 
Chapter II.) 

3. When a thermometer is immersed in a liquid the tempera- 
ture of which is required, the thermometer is heated and the 
liquid is cooled. When an alcohol thermometer is used, the 
extent of the cooling is smaller than when an equally sensitive 
mercury thermometer is employed. This may be proved 
as follows : — 

We have seen that for a given sensitiveness and bore of the 
tube, the bulb of an alcohol thermometer need only enclose 
about i\jth of the volume necessary for a mercury thermometer. 
Let z/=the volume of the bulb of the mercury thermometer ; 

the = the volume of the bulb of the alcohol thermometer. 
10 

The density of mercury is about 13*6 ; whilst that of alcohol 

is about *8. Consequently, mass of alcohol used = — x *8. 

10 

Mass of mercury used — vy, 13*6. 

The specific heat of mercury may be taken roughly as *03 ; 
whilst that of alcohol = '6 {See Chapter VI.). Hence the quantity 
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of heat required to raise the temperature of the alcohol through 

1° C. = X *8 X *6 = 7/ X '048. The quantity of heat required to 

raise the temperature of the mercury through i'^ C. = 7/ x 13*6 x *03 
= 7/x *408. Hence we see that a much smaller quantity of heat 
is required to raise the temperature of the alcohol in a 
thermometer through 1° C. than would be necessary for the 
mercury in a thermometer of equal sensitiveness. Hence a warm 
liquid will be cooled to a smaller extent by the introduction of 
an alcohol thermometer than if a mercury thermometer of equal 
sensitiveness had been employed. 

4. Since the alcohol wets the sides of the tube, it has no 
tendency to stick as mercury has, so that the expansions are 
quite regular. Irregularities in the motion of the thread of a 
mercury thermometer are very objectionable when the rate of 
change of temperature is required. In such cases an alcohol 
thermometer might advantageously be used. 

5. Since the ratio of the expansion of alcohol to that of glass 
is much greater than the ratio of the expansion of mercury to 
that of glass, errors introduced by variations in the volume 
[)f the bulb will be of less importance in the case of an alcohol 
thermometer than in the case of a mercury thermometer. 

6. Mercury becomes solid at — 39® C. ; whilst alcohol remains 
liquid to about —130^0. Hence an alcohol thermometer may 
be used for low temperature v/ork for which a mercury ther- 
mometer would be useless. 

Disadvantages of Alcohol Thennometers : — 

1 . Alcohol boils at about 78° C., so that an alcohol thermometer 
must never be heated to a temperature above 60° C. Con- 
sequently we cannot obtain the upper fixed point by immersing 
the thermometer in steam. The scale must be calibrated by 
:omparison with a standard thermometer. 

2. When the bulb of an alcohol thermometer is placed in 
ivarm water, the upper part of the thermometer stem being kept 
:ool, alcohol distils into the free space and condenses on the 
ivalls there. This can be prevented by keeping the upper part 
^f the stem as warm as, or warmer than, the bulb. 

3. It is difficult entirely to free the alcohol from air before 
sealing off, with the consequence that after that operation has 
been performed, small air bubbles often tnake their appearance in 

c 
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the alcohol contained in the stem or the bulb. These bubbles 
can generally be shaken up into the free part of the tube ; but 
the operation is tedious. A solution of lo or 15 per cent, of 
anhydrous calcium chloride in alcohol is said not to possess this 



disadvantage. 

'fr 4. Since, in an alcohol thermometer, the 

11 sectional area of the bore of the tube must 

11 g be larger in comparison with the volume of 

I the bulb than in a mercury thermometer of 

L equal sensitiveness, a greater proportion of 

the whole of the thermometric substance 



will generally be in the tube in an alcohol 
than in a mercury thermometer. Conse- 
quently the error due to the exposed column 
being at a lower temperature than the bulb, 
will be greater in an alcohol than in a mer- 
cury thermometer. 

Maximum and Minimum Thermo- 
meters. — It is sometimes necessary to 
determine the highest or lowest tempera- 
ture which has been indicated by a thermo- 
meter during a certain time. Special forms 
of thermometers are used for this purpose. 

Fig. 9 represents Rutherford^ s maximum 
and minimum thermometer. An alcohol 
thermometer is used for registering the 
minimum temperature. A small piece or 
thin glass rod has knobs melted on it at 
each end, and this index, a, is immersed in 
the alcohol in the stem (which is main- 
tained horizontal) ; the alcohol surface drags 
the index backward when the temperature 
falls, but leaves it stationary when a rise 
occurs. This is due to the surface tension 
of the alcohol ; for a similar reason a needle 
may be floated on the surface of water. 


The index is re-adjusted by tilting the thermometer. 

A mercury thermometer is used to register the maximum 
temperature. A small piece of iron, is inserted in the stem 


above the mercury, and is pushed before the latter as the tern- 
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perature rises. It can be brought back to the mercury surface 
by the aid of a magnet. 

In Six’s self-registering thermometer (Fig. lo) the bulb 
A is filled with alcohol or a similar liquid, and this extends 
to B, one surface of a mercury thread BC. Above C there 
is more alcohol, which partly fills the 
bulb D, leaving, however, a space for 
expansion. Two steel indexes, pro- 
vided with springs just strong enough 
to prevent them from slipping, are 
respectively situated above the free 
ends of the mercury thread. When 
the temperature rises, the index is 
pushed before the mercury surface at 
C, and is left in position when a'fall 
of temperature causes the mercury 
to withdraw. Thus the maximum 
temperature is registered. Similarly, 
the minimum index is moved when 
the mercury surface at B comes in 
contact with it, and is left in position 
when a rise of temperature takes 
place. 

In Negretti and Zam bra’s maxi- 
mum thermometer there is a con- 
striction in the tube just above the 
bulb, so that as the temperature rises 
the mercury is extruded, whilst a sub- 
sequent fall of temperature causes the 
mercury column to break at the con- 
striction, leaving the mercury in the 
tube in the position which it occupied 

when the temperature was a maximum, xo.— Six’s Self-registering 

The maximum temperature is thus Thermomefter. (P.) 

read directly from the position of the 

upper end of the mercury column. The mercury can be shaken 
back into the bulb when a new reading is to be taken. 

Fig. 1 1 represents a Clinical thermometer constructed in this 
manner, the temperatures which it can indicate being confined 
within the limits 95° F. and 113° F. ^ 

C 2 
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\xi Phillips' maximum thermomeler 12) a short thread 

of mercury is separated from the rest of the mercury in 
the stem by a small air bubble. The detached thread 


acts like the index shown 



Fig. II. — Clinical Fig. 12. — Phillips’ 

Thermometer. Maximum Ther- 

(P.) mometer. (P.) 


in Fig. 10. The illustration 
shows such a thermometer 
mounted in a strong glass tube 
for deep sea soundings. The 
space between the thermo- 
meter and the guard tube is 
partly filled with alcohol, so as 
to ensure a good thermal com- 
munication between the ther- 
mometer bulb and the sur- 
rounding medium. 

High Temperature Ther- 
mometers. — Under normal 
pressure mercury boils at 357° 
C., so that an ordinary mercury 
thermometer cannot be used 
above that temperature. This 
inconvenience may to some ex- 
tent be overcome by filling the 
space above the mercury with 
compressed nitrogen, so that 
the mercury is prevented from 
boiling by the high pressure to 
which it is subjected {see 
Chapter VIII). The bulb must 
necessarily be made very 
strong, and even then, if a ther- 
mometer of this class is main- 
tained for some time at a 
high temperature (400° C. or so), 
the zero will often be found to 


have changed considerably 
when cooling takes place. Metallic Potassium and Sodium 
when mixed form a peculiar alloy, which presents very much the 
appearance of mercury, and is liquid at ordinary temperatures. 
This has been successfully employed in the construction of high 
temperature thermometers. These may be used at temperatures 
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considerably above those admissible for ordinary mercury ther- 
mometers. The bulb and stem are made of hard Jena glass. 

G-eis Thermometers. — The high expansion of gases 
renders them especially suitable for thermometric substances, as 
in their case expansions of the containing vessel produce 
comparatively small effects on the accuracy of the observed 
temperature. As, however, the theory of their action depends 
on certain laws which will be developed later, their considera- 
tion is deferred for the present. (See Chapter V.) 

Summary 

The term “temperature ” is used to denote the hotness of a body. 
Our ideas of temperature are primarily derived from our sensations, but 
in order to determine temperatures accurately, some physical property 
which varies continuously with the temperature must be measured. 

A thermoscope indicates the attainment of a particular temperature. 

A thermometer is an instrument designed to measure temperatures. 
Mercury expands when heated ; and this property is utilised in the 
construction of mercury thermometers. Various forms are given to 
these instruments, according to the purpose for which they are to be 
employed. 

In all cases two fixed points, corresponding to two arbitrary tem- 
peratures, are selected, and the difference between these temperatures is 
divided into an arbitrary number of degrees. 

On the Centigrade scale the temperature of melting ice is taken 
as o°. The temperature of the steam above water boiling at standard 
atmospheric pressure is defined as loo°. 

On the Fahrenheit scale, temperature of melting ice = 32°, tem- 
perature of boiling water = 212°. 

On the Reaumur scale, temperature of melting ice = o®, temperature 
of boiling water = 80°. 

A sensitive mercury thermometer must either be furnished with 
a very long stem, or a receptacle must be provided, into which part of 
the mercury can be driven when occasion requires. The latter procedure 
is most frequently followed. ^ 

A maximum thermometer is used to record the highest temperature 
attained during a given time. 

A minimum thermometer is used to record the lowest temperature 
attained during a given time. 

In high temperature mercury thermometers, ebullition is pre- 
vented by subjecting the mercury to a higJ.: pressure. In other cases an 
alloy of sodium and potassium is substituted for mercury. ^ 
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Questions on Chapter I. 

(1) Describe some of the principal forms of maximum and minimum 
thermometers. 

(2) Find the Centigrade temperatures corresponding to 68° F. , 1 76° F. , 
-20° F., and the Fahrenheit temperatures corresponding to 4° C., 
52° C. , and - 273° C. 

(3) What peculiarities of construction may be noticed in a sensitive 
mercury thermometer ? 

(4) Explain how you would proceed to determine the error due to the 
exposed column of a thermometer. 

(5) Describe the process of determining the fixed points (melting ice 
and boiling water) of a mercury thermometer, and point out any pre- 
caution that ought to be observed. 

A thermometer with an arbitrary scale of equal parts reads 14*6 in 
melting ice and 237 '9 in water boiling under standard pressure. Find 
the Centigrade temperatures indicated by the readings 97 ‘i and 2 14 ’O on 
this thermometer. 

(6) State what means you would employ to measure ( i ) a very high 
temperature, (2) a very small difference of temperature. (Sec also 
Ch. XIX.) 



CHAPTER II 

ERRORS OF A MERCURIAL THERMOMETER, WITH THEIR 

CORRECTIONS 

(The reading of this chapter may, if necessary, be post- 
poned till after Chapters III. and IV. have been read.) 

Correction to be applied in order to determine 
the true Boiling-point. — The boiling-point of a liquid 
varies with the pressure to which it is subjected. The 
standard pressure adopted is equal to the force exerted by 
gravity on a vertical column of mercury 76 cm. long, and 
possessing a sectional area of i sq. cm., the mercury being at the 
temperature 0° C., and being placed at the sea level in 
latitude 45°. 

Fig. 13 represents Fortitis Barometer^ the instrument most 
commonly used for determining the pressure of the atmosphere. 
A long glass tube is entirely filled with mercury, and then in- 
verted, and placed with its lower extremity in a mercury 
reservoir R. The height of the surface of the mercury in the 
tube, above the level of the mercury in the reservoir, gives the 
barometric height. In order to maintain the surface of the 
mercury in the reservoir at a constant level, the lov^er part of 
the reservoir is made of leather (Fig. 14), and this can be 
raised or lowered by the aid of a screw, A (Fig. 13), till the 
mercury surface coincides with the point of an ivory pin P. 
The graduations on the scale S represent heights above the point 
of the pin P. 

The barometer having been read, the following gorrections 
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Fig. 13. — Fortin's 
Barometer. 


will be necessary before the true atmospheric 
pressure can be determined. 

1. Correction for the temperature of the 
mercury. 

2. Correction for the expansion of the scale 
attached to the barometer. 

3. Correction for the latitude of the place 
where the barometer is placed. 

4. Correction for the height above the sea 
level. 

These corrections will now be considered. 

I. Te 7 nperature Correction for the Mercury, 
— The density of rnercury varies with the 
temperature. Since the weight of the baro- 
metric column, supposed to have a sectional 
area of i sq. cm., just balances the weight 
of a column of the atmosphere possessing a 
like sectional area, it follows that a decrease 
in the density of mercury will correspond to a 
longer barometric column, and vice versa. 

Let us suppose that the scale and the tube 
containing the mercury are maintained at 0° C., 
whilst the temperature of the mercury is raised 
from 0° to f C, The same mass of mercury 
will in both cases balance the atmospheric 
pressure, but owing to the expansion of the 
mercury, the latter will occupy a greater volume 
at the higher temperature. 

Let hQ = the height of the mercury column, 
when the temperature of the mercury = 0° C, 

Let hf — the height of the mercury column, 
when the temperature of the mercury = f C. 

Then since the sectional area of the column 
is in each case equal to i sq. cm., we 
have, if and ht are measured in cms.. 

Volume of mercury at o'^ C. — h^Y. i = //qC.cs. 

„ „ f Q, = h^Y \ = hf c.cs. 

Let a = the coefficient of cubical expansion 
of mercury ; i.e,^ the increase in volume of 
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I c.c. of mercury, when its temperature is raised through 
i°C. 

Then, as proved on p. 59, it follows 
that 

c.cs. at correspond to i + at) c.cs. 
at fC, 


h] = + at). 




ht _ 


hi I - a/ + 0^/2 


I + at 

expanding by the binomial theorem. 

When t is small, the product d^t^, and 
higher powers of (a/), may be neglected. 

/Iq — — af) . . . . r (l) 

We thus see that our first correction is 
obtained by multiplying the observed 
barometric height, by (i — at). Ac- 
cording to Regnault 

a — *0001802 (p. 81). 

2 . Correction for Expatision of the 
Scale^ which is supposed to be correct at 
0° C, — The true distance between two 
marks on a scale will increase as the 
temperature of the scale is raised. The 
amount of the increase in any particular 
case will depend 

(rt) On the initial distance between the 
marks, 

{b) On the substance on which the scale 
is engraved. In the Fortin barometer 
(Fig-. 13) the scale is engraved on brass. 

In this case i cm. length engraved on 
brass at 0° C., will increase to (i + / 3 ) cm. 
at 1°, and to (i -t- / 3 /) cm. at t° C.; ^ being 
approximately equal to *000020. 

.*. a distance /iq cms. measured on the brass scale at f C. is 
equal to a true distance of 

^0(1 + ^/) cms (2) 



Fig. 14. -Mercury Reser- 
voir of Fortin’s Baro- 
meter. 
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Combining the corrections (i) and (2), we obtain — 

Height of barometer, corrected for temperature, 

= H = //o(l + jS/) = - a/)(l 4 - / 3 /‘) = - (a - 3)/ 

Neglecting the term a 3 /^, which will be very small, since both 
a and 3 are small, we finally have 

H = — (a - 3)0 — - (*000182 - * 000020)0 

= >^/I - *0001620 .... 

Another correction which should be applied is that due to the 
surface tension of the mercury. Owing to the curvature of the 
surface of the mercury, the latter will stand at a lower level in 
narrow barometer tubes than in wide ones. This correction is 
best made by comparison with a barometer possessing a very 
wide tube. 

3. Correction for the Latitude. — The attraction of gravity at 
the surface of the earth decreases with the distance of the 
surface from the centre of the earth. Owing to the spheroidal 
shape of the earth, the mean equatorial diameter is greater than 
the polar diameter, and consequently the attraction of gravity is 
less at the equator than at the poles. The attraction of gravity 
at points on the parallels of latitude 45'^ N. or S. of the equator 
is chosen as a standard, and the attraction at a point in 
latitude \ will be equal to 

Attraction at a point on the 45th parallel - 4 - ( i + B cos2X), 
where B = 0*00256. 

Let h be the correct height of a column of mercury at o°C., which 
produces, at a place in latitude A, a pressure equal to that of the 
standard column, 760mm. long, at the sea level in lat. 45°. 

Then 

h = 760mm. 

I + Bcos 2A 

h — 760 (i + B cos 2A) 

= 760 + I *9546 cos 2A. 

4. Correction for Height above the Sea Level.— For similar 
reasons to those explained in considering correction (3), the 
length of a column of mercury which produces the standard 
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pressure, increases with the height above the sea level. The 
total correction for (3) and (4) may be expressed as follows : — 
Standard length of barometric column, the mercury being at 
C., at a point in latitude X, and at a height A (in feet) above 
the sea level 

= Hq =s 760 + I ’9456 cos 2X + o'oooo4547^ 
measured in millimetres. 

Having in the manner explained determined the true baro- 
metric pressure, we can proceed to obtain the temperature of 
the vapour over the boiling water. This can be done by refer- 
ence to the following table ; — 

Boiling Point of Water at Different Pressures. 


(The pressures are given in mm. of mercury at a temperature of o°C., 

situated at the sea level in lat. 45°.) 


mm. 


mm. 


mm. 


mm. 


733 

98*9939 

745 

99*4449 

757 

99*8897 

769 

100*3286 

734 

99*0318 

746 

*4822 

758 

•9265 

770 

•3649 

735 

*0695 

747 

'5194 

759 

•9633 

771 

•4012 

736 

•1073 

748 

•5567 

760 

lOO^OOOO 

772 

'4374 

737 

•1449 

749 

'5938 

761 

*0367 

773 

'4736 

738 

*1826 

750 

*6310 

762 

•0733 

774 

•5098 

739 

*2202 

751 

•6681 

763 

•1099 

775 

'5459 

740 

•2577 

752 

•7051 

764 

•1465 

776 

•5820 

741 

‘2953 

753 

•7421 

765 

•1830 

777 

*6180 

742 

•3327 

754 

7791 

766 

•2194 

778 

*6540 

743 

•3702 

755 

•8160 

767 

'2559 

779 

•6900 

744 

•4075 

756 

■8529 

768 

•2923 

780 

'7259 


If the thermometer reading was 100° C. when the bulb and 
stem were surrounded by steam, then the* difference between 
100° C. and the temperature obtained from the above table, corre- 
sponding to the true pressure to which the water was subjected, 
will give the error in the boiling-point of the thermometer. 
An example will best explain the course to be followed. 

Example. — A thermometer, graduated in half degrees, after being 
surrounded for half an hour by steam in an apparatus such as shown in 
Fig. 6 , indicated a temperature of 98 '55 *C. Barometer reading = 
758*2 mm. Temperature indicated by thermometer attached to 
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barometer = I4‘5° C. Latitude of observing station =; 53° N. Height of 
observing station above sea level = 120 feet. 

I. Correction for temperature of barometer 

— kt{i - '000162/) 

//o = 758 '2 (i - *000162 X I4'5) 

= 758*2 (I - *00235) = 758*2 ^ *99765 = 756*4 mm. 

(It is assumed that the barometer could only be read to *i millimetre). 

Standard barometric height at station — 

= 760 + 1*9456 cos (2 X 53°) 4- 0*0000455 X 120. 

= 760 - 1*9456 sin 16° + 0*0000455 120. 

= 760 - *5360 + *00546 
= 759*5 mm. (approximately). 

It will be observed that the correction for height is too small to 6e 
taken into account. Indeed, with a barometer reading to a hundredth of 
a millimetre, no correction need be applied for points at an elevation of 
less than 220 feet above the sea level. On the other hand, it will be 
observed that the correction for latitude should generally be applied in 
England. 

Hence, a barometric reading of 759*5 mm. at the station in question 
corresponds to standard pressure, i.e.^ to 760 mm. in latitude 45°. 

.*. A barometric reading of 756*4 mm. corresponds to 

756*8 mm. in the table on p. 27. 

759*5 

From this table, we find that 

At a pressure of 756 mm. water boils at 99*85” C. 

>» j> 757 >» j> 99 ^9 

. *. at a pressure of 756*8 mm. water boils at 99*88” C. 

Consequently, when the thermometer in question reads 98*55° C. , the 
true temperature is 99*88° C. 

. * . Correction to be applied to reading for boiling point = + i *3° C. 

This example, when carefully followed, exhibits not only the 
method of applying the correction, but also the error which 
would have been introduced in our final results had the correc- 
tions of the barometer reading not been applied. Thus, using 
simply the observed barometric height, we obtain from the 
above table. 

At 758*2 mm. water boils at 99*94° C. about. 

correction to be applied = 99*94 - 98*55 = * '39° 
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Since, by eye observation, we can only estimate the tempera- 
ture to *i of ^ a degree, i.e.^ to '05°, it at once becomes evident 
that the difference between the true correction and that obtained 
without reducing the pressure to standard conditions, is almost 
within the limits of experimental error. In this case it was 
hardly necessary to go through the above calculations. On 
the other hand, when using thermometers graduated in of 

degrees, the above procedure should be followed. 

E.xpt. 7. — From the temperature indicated by your thermometer, 
when placed in steam from water boiling under an observed pressure, 
as determined in the experiment on p. ii, Chap, i., obtain the true 
boiling point error of your thermometer.* 

Correction for Inequalities in the Bore of the Ther- 
mometer Tube. — If the bore of the thermometer tube is 
uniform, then a given mass of mercury would form a thread of the 
same length, in whatever part of the tube it was situated. It 
has already been remarked that this test is used in the selec- 
tion of suitable thermometer tubes. It is almost impossible, 
however, to obtain tubes of which the section is uniform through- 
out, especially when those with an elliptical or flattened bore 
are used. Consequently the thermometer having been con- 
structed as previously described, and its fixed points determined 
and the stem graduated, the next point of importance is to 
obtain the correction to be applied to any particular reading due 
to the small irregularities of the bore. 

When a thermometer possesses a constriction just above the 
bulb, a thread of mercury will generally detach itself at that 
point if the thermometer is inverted. A slight jelrk while the 
thermometer is in the latter position will sometimes be found 
necessary. In order to obtain a detached thread of mercury of 
any desired length, a piece of cotton wool soaked in ether may 
be wound round the thermometer bulb, which can then be 
cooled by blowing air on it. When the length of the thread 
beyond the constriction is suitable, the thermometer may be 
inverted, and that length detached. 

A thread of mercury of any desired length can also be detached 
by applying a small gas flame to the thermometer tube at a 
position sufficiently far from the extremity of the column. A 
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Fig. 15. — Gas Jet for Detaching 
Mercury Thread. 


suitable gas burner may be made from a piece of glass tubing 
drawn out to a rather fine point (Fig. 15). The mercury boils 
at the point heated, and the part of the thread beyond this point 
is detached, and may be shaken to any position in the ther- 
mometer tube. It should, when possible, be arranged that the 
heated point lies outside the part of the tube for which corrections 
are to be determined, since the glass expands rather considerably 

at the point which is heated, and 
A only reattains its normal section 
W after some time. Further, some 
difficulty is generally experienced 
in subsequently shaking the de- 
tached mercury thread past the 
point which has been heated, and 
moreover an error may be intro* 
duced if mercury has been con- 
densed in small globules in the 
neighbourhood. On the other hand, 
the thermometer must not be 
heated too close to the junction between stem and bulb, or 
a fracture will inevitably result. When due care is taken, a 
thermometer is rarely broken whilst a thread is being detached 
in this manner. It is preferable, however, to use the method 
first described whenever possible. 

The next point to be determined is the length of the detached 
thread; yneasured tn scale divisions^ at various points of the 
thermometer stem. It is commonly recommended in text books 
on Heat that these measurements should be effected by the aid 
of a travelling microscope. In cases where subsequent read- 
ings of the thermometer are to be made with the aid of a tele- 
scope this procedure might be advantageous ; it is probable, 
however, that even in this case the corrections obtained would 
not give the true temperature without the employment of a 
great number of other corrections, necessitated by circumstances 
which will be subsequently considered. In the case of a thermo- 
meter which is only to be employed for eye observations, the 
use of a travelling microscope to determine the length of the 
thread is quite unnecessary, as it would only result in the 
corrections exceeding in accuracy the readings to which they 
are to be applied. 
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Let us suppose that Fig. 16 represents a part of the thermometer 
stem together with the detached thread ab. It is convenient to arrange 
the length ab to be equal, as nearly as possible, to 10 thermometer scale 
divisions ; on the other hand, the accuracy of the curve of corrections 
finally obtained will be the greater if 
the mercury thread is shorter. 

If, now, the thermometer gradua- 
tions represented equal increments 
of volume, the mercury thread would Fig. 16.— Part of Thermometer Stem, 

have the same length in different showing Detached Thread. 

parts of the tube. This will seldom 

be the case, and we must proceed to determine the corrections Sq, Sjq, 
5go, &c., which must be applied to the reading taken for the ends of 
the mercury thread, when these coincide approximately with the 
graduations marked o'* and 10°, 10“ and 20°, &c. 

In Fig. 16 the length from a to the i" graduation is approximately 
equal to *6“, whilst the distance from the 10° divisions to b is about ‘8°, 
Hence 

Length of thread = /j = 9° + *6° f ’8“ 

= 10*4°. 

4 will be determined in a similar manner, a being now in the neigh- 
bourhood of lo", and b in the neighbourhood of 20°. Proceeding in a 
similar manner to obtain 4, 4, &c., the first two columns in the Table 
on p. 32 may be constructed. 

The various values, 4, 4, &c., might have been obtained by noting 
the position of a and b on the thermometer scale, and subtracting one 
from another. Thus, for 4 

a is at 0'4°, b is at 10 *8°. 

4 = 10*8— o'4 = 10*4“. 

On the other hand, if the graduations had been correct, we should 
have obtained a constant value L for the length of the thread whatever 
its position might have been in the tube. Taking 80 as the correction to 
be added to readings in the neighbourhood of 0° ; 8jo, that to be added 
to readings near 10° &c., &c., we have 

L = (10-8 + 5,0) - (0-4 + 80) 

= 4 + ^10 “ ®o* 

L = 4 + 8.^ — , 8|0 

L = 4 "b ^30 ~ ^20 


a 

r-6 


1 1 1 1 


L — 4o'b ®ioo “ ^9o* 


Similarly, 



32 


HEAT FOR ADVANCED STUDENTS 


CHAP. 


Adding all of these equations together, we get 

loL = /j + /a + 4 + + Ao + ^loo - 5 o. 

5ioo will, of course, be the boiling point correction, whilst 5 q will be 
the freezing point correction. We may for the present assume both 
these to be zero ; if they are not, a graphical correction can be applied 

later on. Hence L= - ^ = the mean value of the 

10 

thread length, measured in scale divisions. 

From the first of the above equations (remembering that Sq = o) 

^10 ~ ^ “ A “ (s^y)* 

Similarly, Sgo = ^ - 4 + Sjo = ^a + 0i> if ^a — L - 4 

^30 “ U — /j + 5ao = <^>3 + <^2 ^ “ A 


^90 = L - 4 + Sqo = ^9 + + . . .+</)], if <|>9 — L -4 

^ 100=0 (boiling point assumed correct). 

Hence, to find the corrections to be applied to readings in the neigh* 
bourhood of I 0 °, 2o“ . . . 90”, 100°, we proceed as follows. 

1. Find the mean thread length L, as above. 

2. Successively subtract 4 , 4 , 4 , . . . &c. (the observed thread 
lengths), from L. 

3 . The result obtained by subtracting A is 810 5 the algebraical 
sum of the quantities obtained by successively subtracting 4 and 4 , 
is 8 ao 5 so on. We can now construct a table of corrections for 


the various readings. 


Position of 
Thread between 

0° and 10° 

Thread 

I^ength. 

4 = io ’4 

Difference 
from Mean. 

L -4 =--i 7 

Corrections. 

SjQ =(/>j = - ‘17= - *2° nearly 

10° ,, 20° 

4 = 10-6 

L -4 = -’37 

^20 =<^>i + <^>2 = " * 54 =- * 5 " >« 

20° „ 30° 

4 =107 

L -4 =-'47 

^30 = + ‘^^2+ */>3= - t '01 = - I 0 ,, 

0 

0 

4 = 10*5 

L - 4 = - -27 

840= -1-28= -1*3° „ 

40° » 50 

ti 

0 

4 ^* 

L -4 = --17 

850= - 1 - 45 = 1 - 4 ° „ 

50° „ 60° 

4 = 10-4 

L-4 = - '17 

8^9 — — I ‘62 — — I '6 , , 

0 

0 

4 =:I0'2 

L - A = + -03 

870= - 1 * 59 =- 1 - 6 ° „ 

0 

0 

00 

0 

0 

4 =I0'0 

L -4 = + '23 

880 = -1*36= -14° „ 

80° „ 90° 

4 = 97 

L -4 = + *53 

890 = - -83= - *8° „ 

90° „ 100° 

Ao= 9‘4 

L - 4 o = + ’^3 

Of 

8 

ti 

1 

0 

1 

0 

0 


L=i02'3 

b 

II 

0 

• 1 * 



It will be noticed that L is taken to the second place of 
decimals, whilst the observation values of A> are only 
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correct to the first place of decimals. But the errors made in 
estimating /„ /2, &c., will, on an average, as often be positive as 
negative ; hence we may fairly take L as approximately correct 
to two places of decimals. As a result of experience, it will be 
found that the corrections obtained from eye observations, as 
above, will seldom differ by as much as 'i of a scale division 
from the more accurate values obtained by measuring the thread- 
length by means of a travelling microscope. 

Marking the scale divisions of the thermometer horizontally 
on squared paper, and plotting the values §0, &c., verti- 

cally above o" 10’, 2d\ &c., the points so found may be con- 



Fig. 17. — Correction Curve for Thermometer. 


nected by means of a closed curve, and the correction for 
intermediate points determined therefrom (Fig. 17). 

If, now, the freezing-point correction is plotted vertically 
below the 0° abscissa (if additive), or vertically above the 0° 
abscissa (if it must be subtracted from the observed reading), 
the boiling-point correction being plotted in a similar manner, 
and the two points finally joined by means of a straight line, 
then the correction to be applied to any observed reading 
may be read off as the vertical distance, along the appropriate 
ordinate, from the straight line to the curye. In Fig. 17, the B.P. 
correction is taken as -1- 1 *4° C., the freezing-point correction being 

D 
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-7° C. The correction to be applied to a reading of 5° is 
equal to — o'6° that is, the true temperature corresponding to a 
reading of 5° is equal to 4*4'^ C. Similarly, correction for reading 
of 12° is equal to -07^ ; for 90°, correction = +0*4^, &c., &c. 

Expt. 8. — Draw a curve of corrections for your mercury ther- 
mometer, obtaining the necessary data as previously described. The 
boiling point and zero corrections already obtained may be used. 

Other Sources of Error in Mercury Thermometers. 

— Errors due to capillarity. — When a thermometer possesses 
a tube of very fine bore, the mercury does not move freely, 
but may remain stationary for some time in the stem, while the 
temperature is raised or lowered, and then suddenly alter its 
position. For this reason the sensitiveness of a thermometer 
cannot be profitably increased past a certain point by diminish- 
ing the bore of the stem. 

Errors due to the exposed column. — In order to take an 
accurate reading with a thermometer, the whole of the enclosed 
rhercury should be at the same temperature. When a part of 
the mercury in the stem is at a lower temperature than that in 
the bulb, the approximate temperature of the exposed stem 
should be determined by the aid of a second thermometer, and 
a correction applied. 

Errors due to alterations in the pressure to which the bulb is 
subjected. — In order that the mercury in the bulb of a thermo- 
meter should quickly take up the temperature of a medium in 
which it is immersed, the walls of the bulb must be made thin. 
This introduces a new source of error, since any change in 
pressure will alter the volume of the bulb, and thus produce a 
motion of the mercury thread independently of any change in 
the temperature of the mercury. Alterations in pressure may 
be produced 

(1) By variations in the barometric pressure. 

(2) By variations of hydrostatic pressure, due to the bulb 
being placed at various depths below the surface of the same or 
different liquids. 

(3) By variations in the internal pressure due to the extremity 
of the mercury column being at various heights above the centre 
of the bulb. With thermometers possessing very thin-walled 
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bulbs this is likely to produce considerable errors, since the 
head of mercury generally increases at a greater rate than the 
density of the mercury decreases. 

Variations in the internal pressure are produced when the 
thermometer is sometimes used in a vertical, and sometimes 
in a horizontal position. 

Corrections for these sources of error must be determined 
experimentally, and applied as the particular case requires. 

Errors due to Softness of the G-lass. — When a ther- 
mometer is heated, not only the mercury but the glass also 
expands. 


Expt. 9. — Plunge a tolerably sensitive thermometer into warm 
water ; the mercury will be seen to sink for a short time, due to the 
expansion of the bulb, and then commence to rise as the enclosed 
mercury becomes heated and expands. 

If a thermometer is heated considerably, the glass does not 
on cooling at once return to its initial state, but at first 
contracts quickly, until a volume slightly larger than the initial 
volume is reached, and then contracts very slowly, reaching its 
initial volume only after many months. This source of error 
may easily be demonstrated. 

Expt. 10. — Determine the freezing point before, and immediately 
after, the boiling point has been determined. The freezing jx>int obtained 
after the thermometer has been immersed in steam is always slightly 
lower than that obtained when the thermometer has been kept at a low 
temperature for some time. The difference may amount to i“ C. 

It has been found, that if a thermometer, before being sealed' 
and graduated, is heated for a week or ten days to the tempera- 
ture of boiling mercury, the zero point is much less altered by 
subsequent heatings. Hard glass thermometers also give less • 
trouble in this respect than those made from soft glass. 

There appears to be some amount of disagreement as te 
whether the freezing point should be determined before the 
boiling point is found, or vice ifersa. The freezing point which 
is most directly comparable with the boiling point is certainly 
that obtained directly after the latter has been found ; only, it 
should be remembered that in making subsequent measure- 

D 2 
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ments, the thermometer should always be heated to the boiling 
point shortly before a reading is required to be taken. 

Errors due io the heat capacity of the thermometer. — When a 
thermometer is placed in a warm liquid, the liquid will be cooled 
as the thermometer is heated. Hence, unless a very large 
quantity of liquid is used, the temperature indicated will be 
lower than that of the liquid before the thermometer was intro- 
duced. 

Further, if a thermometer is placed in a bath of liquid of which 
the temperature is rising, the mercury in the thermometer will 
always be colder than the liquid. When the temperature of the 
bath is falling, the thermometer will always be warmer than the 
surrounding liquid. 

From the above it will be seen that with a mercury thermo- 
meter, even if made by the best maker, the determinations of a 
temperature with accuracy is no easy task. A temperature 
cannot be accurately determined within C. unless corrections 
for most of the above sources of error are applied. Mr. Griffiths 
states that on comparing thermometers made by one of the best 
makers, the readings differed by as much as *4° C. After apply- 
ing corrections, obtained from tables which had been furnished 
for the different instruments by the Bureau of Weights and 
Measures at Paris, the final results never differed by more than 
•0*010'^ C., and only in one instance by more than 0*006° C. 

Although the measurement of a temperature is a matter of so 
much difficulty, differences of temperature may be much more 
•easily measured. Thus a thermometer, of which the boiling- and 
freezing-points are considerably wrong may often be used to 
■obtain differences of temperature not greater than a few degrees 
without any great fear of committing grave errors. 


Summary 

The most usual method of determining temperature is by means of a 
niercury thermometer. In the Centigrade system, the temperature of 
water lx)iling at a standard pressure is taken as 100". The standard 
pressure alluded to is equivalent to the weight of a column of mercury 
760 mm. in length, and possessing a sectional area of i sq. cm., 
placed at the sea level in latitude 45®. The temperature of melting ice 
is taken as o® C. The part of the thermometer stem between the points 
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respectively occupied by the end of the mercury thread, when the whole 
of the contained mercury is at the above temperatures, is divided into 
icx> equal parts. Each part corresponds to a degree Centigrade. In order 
to obtain the temperature of a liquid with accuracy (let us say to within 
C. ), the following operations must be performed : — 

(1) Determination of the boiling-point error. 

(2) Determination of the freezing-point error. 

(3) Calibration of the bore of the tube. 

(4) Determination of the temporary changes of zero, making repeated 
observations of its permanent rise. 

- (5) Estimation of differences caused by movements from the hori- 

zontal to the vertical position. 

(6) Observations of the effect of changes of external pressure. 

(7) Determination of the differences resulting from the rate of rise of 
temperature.^ 

(8) The application of an approximate correction for the unimmersed 
part of the stem. 

It should be noticed that the resulting degrees obtained by a mercury 
thermometer correspond to equal increments of volume of mercury when 
heated. In other words, if one cubic cm. of mercury at the tempera- 
ture of melting ice become equal to(i -f a) cc.s. when the temj^erature is 
raised to that of water boiling under standard conditions, then the 
temperature corresponding to a volume of the same mercury equal to 

o 

i + will be equal to - — --C., on the mercury thermometer scale. 


Questions 

(1) Mercurial thermometers are now issued with corrections stated 
to 0*001° C. State exactly what precautions are taken in^the manu- 
facture and use of the thermometers to make it possible to aim at this 
degree of accuracy. 

(2) Describe the principal errors of the mercurial thermometer and the 

means used to reduce them. ^ 

(3) Explain the meaning of the term “ Standard atmosphere.” What 
observations would you make to determine the atmospheric pressure at 
a given place ? 

(4) Describe how an accurate barometer is constructed, and explain 
how to correct its readings so as to determine the pressure of the air. 

1 A falling temperature cannot be accurately determined by the aid of a mercury 
thermometer (Griffiths). 
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(5) Describe the difficulties in the way of accurate thermometry by 
means of mercury thermometers, and the precautions that must be taken 
in order to obtain accurate results, say to o*oi° C. in making measure- 
ments of change of temperature in calorimetry. 

(6) On a certain day the pressure, as read from a Fortin’s barometer, 
was 75 '29 cms. and the temperature was i8° C.. At what temperature 
would water boil on that day ? 


CHAPTER III 


EXPANSION OF SOLIDS 

The dimensions of all bodies are altered more or less by an 
increase or decrease in temperature. Solid bodies have the 
property of retaining their shape without the support of a con- 
taining vessel. Hence in the case 'of a solid bar we may 
measure the increase in length, breadth, or thickness due to a 
given rise of temperature, and thus determine the incr6a>8e 
in length which a bar of 1 cm. long would experience 
if heated through l'"C. This is defined as the coefficient 
of linear expansion of the substance of which the bar 
is composed. 

On the other hand, fluids take their shape from the vessel in 
which they happen to be contained. It would therefore obviously 
be useless to make measurements of the linear dimensions of a 
fluid, unless to obtain its volume. A certain mass of water, for 
instance, may be poured into vessels of various shapes and sizes, 
its linear dimensions being thus capable of modification in 
an infinite number of ways. But through all these modifica- 
tions the volume of the water will remain the same, providing 
its temperature is not altered ; whilst every alteration in tem- 
perature of the water will produce a corresponding alteration in 
its volume. Hence it is rational to confine our attention, in the 
case of a fluid, to the alteration in volume which accompanies 
an increase in temperature. 

Fluids are divided into liquids and gaises. The 
volume of a gas is altered, not only by an increase 
or decrease of temperature, but also, and to an equal 
extent, by changes of pressure. 

The contraction which occurs when a metallic body is cooled 
is frequently utilised by engineers. A good example is aflbrded 



40 


HEAT FOR ADVANCED STUDENTS 


CHAP, 


in the manufacture of large cannon. The general shape of 
one of these is shown in the sectional drawing (Fig. i8). 

An inner tube of steel is first turned accurately 



cylindrical on the outside, and bored internally. 
This tube, though sufficiently strong to guide the 
projectile in a straight course, is not strong 
enough to withstand the great force suddenly 
called into play by the explosion of the powder. 
To furnish sufficient strength a number of steel 
coatings are successively shrunk on to the tube. 
Each of these coatings is bored internally to such 
a diameter that, when at the same temperature 
as the rest of the cannon, it is too small to fit in 
place. On being heated, however, (the rest of the 
cannon remaining cold) it just slips into position, 
and when cooled is held tightly there. 

Expt. II. — The enormous force called into play 


Fig. i8. — Section 
of Cannon. 


when the expansion of a metal rod is resisted by 
mechanical means is illustrated in the following ex- 


periment. A rod of steel or 


wrought iron is provided, at one end, with a nut 
w'hich can be screwed on to it, and at the 
other with a hole through which a small bar of 
cast iron can be placed. A strong metal stand is 
furnished with two upright pillars, provided at 
their upper extremities with knife edges against 
which the cast-iron bar and the nut can respec- 
tively rest. The nut is screwed up tightly so as 
to put some compressional strain on the bar. If 
the latter be now heated, the force called into 
play will be sufficient to break the cast-iron bar. 

A simple modification of this experiment 
shows that an equally great force is called 
into play when the contraction, due to cooling 
a heated rod, is resisted by mechanical 
means. 

Expt. 12. — Take a strip of ebonite, about a 
foot long and an inch broad, and as thin as can 



Fig. 19. — Compound 
Rtr^, showing 
diflerential ex- 
pansion. 


be procured, and glue this on to a strip of wood (pine by preference) 
of similar dimensions, so that the two form a compound strip of double 
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the thickness of the wood or the ebonite. (A thin strip of wood such as 
here required can be easily obtained l)y the use of a circular saw.) If 
this compound strip, Fig. 19 , be heated, it will be found to bend into a 
curve such as shown by the dotted lines. The reason of this is, that 
the increase in length of a strip of ebonite is greater than that of a simi- 
lar strip of wood when both are subjected to the same rise of tempera- 
ture. The compound strip can only remain straight when both of its 
components are of equal length ; if the length of one comjwnent Ije- 
comes greater than that of the other, the compound strip will assume a 
curved form, with the longer strip on the convex side of the curve. 

Strips of brass and steel may be substituted for the ebonite and wood, 
when it will be found that for a given rise of temperature brass expands 
more than steel. 

Extt. 13. — Take about a foot of indiarubber pressure tubing (the 
kind containing an internal layer of canvas is unsuitable), and fix a 



Fig. 20. — Arrangement for showing the effect of heating on stretched india-rubber. 

small piece of open glass tube into one end, a small wooden rod being 
placed in the other end. Bind both in position by means of this copjxir 
wire. A loop of copper wire is attached to the glass tube, and 
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another to the wooden rod. A fine sewing needle is driven through 
the wooden rod at right angles to its length, and a mass of about a 
pound having been hung from the loop at this end of the tube, the 
other end is attached to a horizontal arm of a retort stand, Fig. 20. A 
straw has two holes burnt through it at right angles to its length by means 
of a hot needle, the distance between the holes being about a quarter ol 
an inch. The needle A, projecting through the wooden rod at the 
lower extremity of the indiarubber tube, is placed through that hole 
in the straw which is nearest to the centre of the latter. Another 
needle B, driven into a block of wood C, is placed in the other hole in 
the straw, and the whole is adjusted so that the straw is horizontal. 

If the indiarubber tube is now heated by the flame of a Bunsen 
burner, the straw will indicate that a contraction takes place in the 
indiarubber. 

It must not, however, be concluded from this experiment that 
indiarubber contracts when heated. As a matter of fact, if a 
mass is employed only just sufficient to keep the tube straight 
without stretching it, it will be found that the indiarubber 
expands when heated. 

The legitimate conclusion to be drawn from this experiment 
is that though indiarubber expands when heated^ a given 
stretching force will produce a smaller exlension when the tern- 
perature is high than when it is low. 

Coefficient of Linear Expansion of a Metal.— In 
order to determine the coefficient of linear expansion of a metal, 
the usual method is to observe the elongation produced by a 
given rise of temperature in a bar of known length. The chief 
difficulty lies in measuring the small elongation. 

Expt. 14. — Take a straight piece of brass tube of circular section, 
of length about 120 cm., and diameter about 2 cm. Take two j^ieces 
of flat sheet brass, of dimensions about 5 cm. x 2 cm. x '3 c.m. T hese 
two pieces must be soldered, one at each end, to the curved surface of 
the brass tube, so that they lie in one plane, a part of each projecting 
»beyond the end of the tube. This may easily be done by placing the 
two pieces of brass on a flat table, laying the brass tube upon them, and 
effecting the soldering by means of a bit and the ordinary flux (zinc 
chloride solution. ) Blanks must be soldered into the ends of the tube, 
and two side tubes, C, D, (Fig. 21) also soldered in position, so 
that water or steam may be passed through them. 

The arrangement to be made may be understood from 
Fig. 21. AB represents the tube, with the side tubes C, D, and 
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the brass plates E, F. E is placed on a block of wood, and held 
in position by means of a weight Wj. F rests on a needle N, 
which in turn rests on a piece of flat glass supported on a block 
of appropriate height. The needle N has one end inserted at 
right angles into a counterbalanced straw P, which is to serve 
as a -pointer. The needle may be fixed tightly to the straw by 
means of a little sealing wax. A weight Wg serves to press the 
brass plate F on to the needle. 

On starting the experiment, arrange the pointer P so that it is 
vertical, and points to o'^ on the circular scale graduated in 
degrees. Observe the temperature of the room (/q Cf. 

Now pass steam through the tube AB by means of india- 
rubber tubes joined to C and D ; that joined to C being con- 



Fig. 21. — Arrangement for measuring the expansion of a metal tube. 

nected at its other end with a piece of glass tube thrust through 
the cork in the mouth of a tin can in which water is boiled. As 
the tube AB is heated it will increase in length, and the end A 
being fixed, the end B will roll on the needle N and thus cause 
the pointer P to revolve. 

Let us suppose that when steam has passed freely through 
AB for ten minutes or so, it is found that the pointer indicates 
Further, let = the diameter (in cms.) of the needle, as measured 
by a micrometer gauge. 

Now for a complete rotation of the needle (/.c., through 360°), 
the needle will adv.ance through nd cms. and the end of the brass 
tube will advance through twice this distance. Therefore for a 
rotation through the end of the tube would advance through 

2 7 ra X -7— cms. 

360 
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Let L — the length of the tube, and (loo — = the increase 

in its temperature. Then, 

A length L of brass, when heated through (loo — 4)° C., is 

increased in length by cms. 

180 


Unit length of brass, when heated through 1° C., is increased 

1,..” 


in length by 


180 L (too — /())* 


Accurate results may be obtained by the aid of the arrange- 
ment just described. If the outside of the brass tube is 
enveloped in cotton wool, a slight advantage is gained, otherwise 
the outside of the tube is slightly colder than the inside. 

The accuracy of this and similar methods depends on no 
expansion having taken place in the table or bench on which 
the supporting blocks rest. A little care will ensure that this 


condition is complied with. The reason why the absolute 
expansion of a metal cannot be directly obtained by a modifi- 
cation of the above method, supporting a bar on two metallic 
blocks fiistened to the bottom of a metallic trough which can be 
filled with water at any required temperature, is obvious. In 
this case the relative expansion of the metals composing the bar 
and the trough may be obtained, and if the coefficient of 


expansion of one of these is known, that of the other may be 
calculated. 


Weedon’s Expansion Apparatus.— MA Weedon has 
recently invented a laboratory apparatus which can be used suc- 
cessively with a number of different metal bars. It consists of 
a long zinc trough, in which is placed the rod, one metre 
long, the expansion of which is to be measured. A burner is 
supported underneath the trough, running the whole length of it, 
and provided with a double set of holes and two inlet gas pipes, 
so that the water contained in the trough may be heated to 
boiling point. The ends of the trough have stuffing boxes, 
through which pass short glass rods, abutting on the one side 
against the ends of the metal rod, and on the other against two 
delicate micrometer gauges which are supported in two firm 
cast -brass clamps fixed to solid teak blocks. A metal screen 
at each end, faced inside with asbestos, prevents heat from 
radiating to the micrometer gauges, thus eliminating errors due 
to the expansion of the screws. The supports for the trough, 
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burner, &c., are placed in a cold-water trough, provided with 
inlet and exit pipes, and running the whole length of the base, 
rhe cold-water bath thus prevents any expansion of the base 
and supports due to heat radiated froi^ the burner and the hot- 
water trough above. 

The method of working the apparatus is as follows : the micro- 
meters having been screwed back sufficiently far to permit of the 
maximum expansion of the bar, the burner is lighted and the water 
in the upper trough raised to as near boiling point as possible. 
When this maximum temperature is attained, one micrometer 



Fig. 22. — Weedon’s Expansion Apparatus, 


is screwed in until the screw comes in touch with the short glass 
end-pieces. The other micrometer is now screwed up very 
carefully until it is felt to just grip the metal bar. The readings 
of both micrometers must be taken. The gas burners are now 
lowered, so that the temperature of the water in the trough may 
become lower, when another observation may be made. 
Readings may be taken for differences of io° C. from loo"^ 
to 20°. 

Let I. be the length of the metal rod, and / be its elongation, due to 
a rise of temperature of Then 

Coefficient of linear expansion of rod = elongation per degree Centi- 

I 

grade of i cm. length of rod == :jr--. 

This apparatus would be just as efficacious, and certainly 
less costly, if provided with only one micrometer gauge, a fixed 
stop being substituted for the other. 

Roy and Ramsden’s Method.— In order to accurately 
determine the expansion of the bars used by General Roy in 
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1785 to measure a base line on Hounslow Heath, Ramsden 
employed the arrangement shown in Fig. 23. Three troughs, each 
about 5 ft. long, were placed approximately parallel to each other, 
and in the relative positions shown in the figure. The middle 
trough contained the bar the e.xpansion. of which was to be de- 
termined, whilst the two outside troughs contained standard bars 
maintained throughout the experiment at a constant temperature, 
by being surrounded by melting ice. These standard bars 
carried uprights; those attached to the bar in CD were provided 
with cross wires, whilst positive eyepieces were carried by those 
attached to the bar in GH. The eyepiece A was provided with 



Fig. 23. — Isometric Projection of Roy and Ramsden’s Apparatus. 


fixed cross wires, whilst the eyepiece A' was provided with cross 
wires which could be moved by a delicate micrometer screw. 
The central bar, the expansion of which was to be measured, had 
uprights attached to it, carrying object glasses. Each object 
glass, together with the corresponding eyepiece, formed a 
microscope, by means of which the cross wires carried by the 
corresponding upright in CD could be viewed. 
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In performing an experiment, all three troughs were first filled with 
melting ice, and the eyepieces A, A' were adjusted so that the cross 
wires which they carried were brought into coincidence with the imc^es 
of the cross wires carried by B and B' respectively. The middle trough 
EF was then filled with water, which was kept boiling briskly by the 
aid of spirit lamps. The contained bar was thus, caused to expand, and 
the object glasses attached to its ends were consequently displaced. 
The trough EF was moved bodily till the image of the cross wires 
carried by B was again brought into coincidence with the cross 
wires carried by the eyepiece A. The image of the cross wire carried 
by B' was then found to be displaced relatively to the cross wires 
carried by the eyepiece A', This displacement was measured by moving 
the cross wires carried by A' by means of tfie micrometer screw, until 
coincidence was once more established. The distance through which 
the object glass at F was displaced was equal to the expansion of the 
bar. This displacement was less than the distance measured by the 
micrometer, in the ratio. 

Distance from cross wire B' to object glass : Distance from cross wire 
B' to eyepiece A'. 

It has since been pointed out that if A' had been provided with 
fixed cross wires, and the object glass at F had been moved by a 
micrometer screw till the image of the cross wires carried by B' 
was brought into coincidence with the cross wires carried by the eye- 
piece A', the distance registered by the micrometer would have been 
equal to the expansion of the bar. 

The above experiment is doubly interesting, since the method 
employed has scarcely been improved on up to the present 
time, and the experiment itself was undertaken in connection 
with the first systematic survey of the British isles. 

• Determination of the Relative Expansions of 
Metals.— A bar of platinum A'B' (Fig. 24) is attached at A' to 


A 

A 



cmJ 

B 

Bi 

rifi|iTr 

3 15 

[ j lTlT] l ITT 
10 s 


Fig. 24. — Apparatus for Determining Relative Expansion. 


the end A of a bar AB of another metal, the spaces near the 
other extremities B, B' of these bars being, graduated so as to 
constitute a scale and vernier. The readings of the vernier 
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when both bars are placed in a bath, which is heated succes- 
sively to two observed temperatures, will give the difference of 
the expansions of the bars. By this means Dulong and Petit 
determined the relative expansion of several metals with regard 
to platinum, and the absolute expansion t)f the latter metal 
having been determined, the coefficients of expansion of the 
other metals were calculated. 

Measurements of the relative expansion ot two bars of dif- 
ferent metals, made with an apparatus similar to the above, 
might obviously be utilised for the determination of high tem- 
peratures, just as the relative expansion of mercury and glass 
is used in an ordinary thermometer. 

Non-Expansible Alloy.— M. Guillaume ^ has found that 
an alloy of steel containing 36 per cent, of nickel has an ex- 
ceedingly small coefficient of linear expansion, amounting to no 
more than one-tenth of that of platinum. Its actual value is 
about 87 X 10-*^. Thus a rod of nickel steel of the above com- 
position, a metre long, when heated through 100° C., would be 
increased in length only by 100 x 100 x 87 x 10- ^=87 x lo-^ cm., 
that is, by a little less than a tenth of a millimetre. On the 
other hand, since the coefficient of linear expansion of brass is 
equal to about 1*9 x 10 a brass bar a metre long, when heated 
through 100° C., would increase in length byi(X)Xiooxi*9Xio-^ 
= r9X 10-^ cm., that is, by a little less than two millimetres. 
Nickel steel ■ is not readily rusted by moist air or water. 
Further, the full expansion for nickel steel is only obtained after 
several days heating ; indeed, when the increase of temperature 
is small, the increase in length does not attain its maximurr^ 
value that calculated from the coefficient of expansion given 
above) for the space of two months. Hence, when a bar 01 
Guillaume’s nickel steel is subjected only to fluctuations ol 
temperature which are neither very far removed from the mean 
temperature of the bar, nor very long in duration, the length of 
the bar may be considered to remain constant. This property 
should render Guillaume’s nickel steel particularly suitable for 
the construction of pendulums, &c. 

Example i. — A seconds pendulum is composed of a small 
sphere of platinum attached to the end of a very thin rod of 
brass. It beats seconds accurately at 0° C.; if the pendulum is 

1 Comptfs Rendus^ 134, p. 176-9 and 753-5, 1897. 
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kept at a temperature of lo'^C., how many seconds will be lost in 
a week ? 


(Coefficient of’ linear expansion of brass = 1*9 x lo-^) 

One complete oscillation (to and fro) of a leconds pendulum occupies 
2 seconds. If ^ is the time occupied by a complete oscillation of a 
simple pendulum of length /, then 

where g =■ the acceleration due to gravity. ( = 981 cm./sec**.) 

Let us suppose that the length of the pendulum, at 0° C., is equal to 
/cm. Now a length of i cm. of brass, when heated through i°C., 
would be increased to (i + *000019) cm. ; if heated through f C., it 
would possess a length of (i + *000019 x /) cm. Further, if a length 
of / cms. were in question, since each centimetre would expand by 
the above amount, the length of the whole bar at t° C. would be 
e<|ual to 

/(l + *000019/“). 

Number of complete oscillations made by pendulum in a w’eek, the 
temperature l)eing 0“ C., 

= i X 60 X 60 X 24 X 7 = 302,400. 

At 10° C. the number of complete vibrations in a week will be equal to 

Number of seconds 

in a week 60 x 60 x 24 x 7 / g 

Time occupied by a ~ ^ /(i + *000019 x 

complete vibration 

_ 302,400 / ~~g _ 302^400 /J / i 

“ IT V /(i + *00019) ^ V 7 'v 1 + *00019 

Also since / = 2 for a seconds pendulum, 



Number 01 vibrations performed a week, when the temp, is io‘'C. 


302,400 


V I *00 


Further, 


0O019 




(i+o) (I -f a)* 


— 1 1 *~ 4 * 


.‘X + .. 
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(This result, with which the student should make himself thoroughly 
acquainted, may be deduced from the binomial theorem, or obtained 
by ordinary algebraical operations.) 

i T’oooig = ^ i ^ ‘ 000*9 -1 i (-00019)2 - {‘00019)2+ ... 

= I - *000095 + '0000000135 ~ 

It will at once be seen that the third and all succeeding terms are 
very small in comparison with the second, and may therefore be 
neglected. Consequently, number of vibrations completed in a 
week, at a temp, of 10° C., 

= 302,400 (i - *000095). 

Number of vibrations completed in a week, at 0° C. = 302,400. 

.*. Number of vibrations lost in a week, when the temperature of 
the pendulum is kept at 10° C., 

= 302,400 X *000095 = 28*7. 

.*. Number of seconds lost = 57*4. 



Example. The definition of the coefficient of linear expansion, 
given at the commencement of the present chapter, is couched 
in terms of the centimetre and Centigrade degree as units. What 
alteration would have to be made in its value (i) taking the 
foot and Centigrade degree as units ; (2) taking the foot and 
Fahrenheit degree as units ? 

(i) (i inch = 2*54 cm.) 

Let a — the coefficient of expansion of a substance, as defined 
at the commencement of this chapter. Then a bar i cm. long 
of the substance under consideration, when heated through 
1° C., will be increased in length by a cm. 

Hence a bar of the same substance i ft. long would be in- 
creased in length by 12 x 2*54 x a cm. Converting this to feet, 
we find that a bar i ft. long would, when heated through 1° C., 
be increased in length by 


12 X 2*54 X g 
12* X 2*54 

Hence the value of the coefl9.oient of Linear Ex- 
pansion of a body is independent of the unit of 
length used. 
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Consequently, if we define the coefficient of linear expansion 
in terms of the degree Fahrenheit, since the latter is smaller 
than the degree Centigrade, the increase in length of a bar of unit 

length when heated through F. will be ^ of the increase in 

9 

length when the same bar is heated through C. 

The most general definition of the coefficient of 
Linear Expansion of a substance is the increase in 
length of a bar of unit length, when heated through 
unit difference of temperature. 

Example. Steam pipes, which are sometimes allowed to 
cool, must be provided with unions allowing expansion and 
contraction to take place. How much play must be allowed at 
each union, supposing each separate pfpe to be 6 ft. long ? 

Coefficient of linear expansion of iron = *000012 per degree 
Centigrade. Lowest temperature of pipes = o^ C. 

A pipe 6 ft. long at o'’ C. will become 

(i + *000012 X 100) X 6 ft. = 1*0012 X 6 ft. long at 106'’ C. 

Hence maximum expansion = *0072 ft. = *0864 inch. 

Hence about a tenth of an inch play must be allowed at each 
joint. 

Example. When a house, in the construction of which iron 
girders have been used, is burnt down, the girders are generally 
found to have been greatly bent. 

Assuming that this is due to the 
fact that one side of the girder 
has been heated to a higher tem- 
perature than the other, what 
curvature might we expect in an 
H girder, the distance between 
two parallel sides of which is 6 
inches, assuming that the high- 
est difference of temperature 
likely to exist between the latter 
is 500° C. ? 

Fora first approximation we Fig. 25.— iron girder heated on 

may assume that the girder is one side. 

bent into an arc of a circle. 

Let 6 be the angle subtended at the centre by this arc, artd R 
be the radius of the circle in inches. (Fig. 25.) 



F. 
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Tlie length of the cold (concave) side of girder = R^. 

„ „ hot (convex) „ = (R + 6) 6. 

But, since the coefficient of linear expansion of iron is about 
*000012, we have the relation 

Length of hot side of girder i + *000012 x 500 
Length of cold side of girder i 

= 1*006. 

. (R + 6)« R + 6 _ 

• • Rfl ■ = 

. *. R X *006 = 6. R = 1,000 ins. = 83! ft. 

With narrower girders, of course, a greater bending would 
result. 

Example. A metallic sheet is 50 cm. long and 20 cm. wide 
at o”^ C. If it is heated to 60' C., what will be its increase of 
area ? 

Original area = 50 x 20 = 1,000 cm. 

Let a — the coefficient of linear expansion of the metal. 

Then length of sheet at bo'’ C. = 50(1 + boa). 

Width = 2o( I + boa). 

.*. Area of sheet at 60'’ C. . = 1,000(1 + boa)^. 

= 1,000(1 + 2 X boa + (6oa)2) 

The term (boa)^ will be very small, and may therefore be 
neglected. Hence 

Area of sheet at 60'’ C. = 1,000(1 + 2 x boa). 

By a similar process of reasoning, it can be shown that a 
metallic sheet exactly i cm. sq. at o'’ C., of which the coefficient of 
linear expansion is a, will possess an area of ( i + 2a) sq. cm. at i^, 
and (i + 2a/) sq. cm. at /’. The quantity 2a is defined as the 
coefficient of superficial expansion of the metal. 

The coeflacient of Superficial Expansion of a 
substance represents the alteration in area of a 
sheet of the substance initially possessing unit 
area, ■when it is heated through unit difference of 
temperature. — Its numerical value, from the above, is equal 
to twice the coefficient of linear expansion of the substance in 
question. 
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Tahlk of Linear Expansion of some Substances. 


Fused quartz 

Steel alloyed with 36% nickel 

Glass (tube) 

Platinum 

Iron (soft) 

Gold 

Copper 

Brass 

Zinc 


0’000cxx)7 

o'oocxxx )87 

o’ooo<X)833 

o'<xxxx)899 

0 ' 00 C»I 2 I 

o‘CKX)oi44 

o'ooooi68 

0*000019 

0*0000292 


Expansions of Glass and Platinum.— It may be 
noticed that the coefficients of linear expansion of glass and 
platinum are nearly equal. This makes it possible to seal a 
platinum wire directly into a glass tube or bulb, and thus renders 
the manufacture of electric glow lampTs possible. When hot, the 
melted glass adheres to the hot platinum wire, and as both con- 
tract at nearly the same rate on cooling, no strain is produced 
in the glass. It is possible, though not always very easy, to seal 
a thin iron wire into glass, provided that it is arranged that 
cooling takes place gradually. 

Compensated Pendulums. — The time / occupied by a 
complete (to and fro) oscillation of a pendulum is given by the 
equation 

where I = length of pendulum, 

— acceleration due to gravity. 

Hence, any cause which increases the length of a pendulum 
will also increase the time occupied by one of its oscillations. 

If a pendulum is formed from a heavy mass attached to the 
end of a metal rod, since the length of the rod will be greater at 
high than at low temperatures, one oscillation will occupy a 
greater time on a hot than on a cold day. If the pendulum is 
used to control the working of a clock, the latter will gain in 
cold, and lose in hot weather. In order to prevent this, several 
different methods have been proposed. 

Fig. 26, A, shows one of the simplest forms of a compensated 
pendulum, which is nevertheless very satisfactory in its behaviour. 
The rod of the pendulum is made of well-seasoned wood. A 
cylindrical zinc bob is bored to slip loosely on the rod, and is 
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supported from its lower surface by means of a nut fitted to a 
brass screw attached to the extremity of the wooden rod. Now 
if the zinc alone were heated, it would expand in all directions, 
and consequently become longer. As the lower end of the 
cylinder is maintained always at the extremity of the wooden 

rod, any lengthening of the cylinder 
will cause the centre of gravity of 




the latter to reach a higher position 
along the wooden rod. If now the 
zinc cylinder is made of such a 
length that the ascent of its centre 
of gravity due to a given rise of 
temperature is just equal to the 
lengthening of the wooden rod 
from the same cause, the distance 
of the centre of gravity of the bob 
from the point of suspension will 
remain constant, and the pendulum 
will oscillate approximately at the 
same rate whatever the temperature 
of the surrounding air may be. 

Fig. 26, B, shows a similar but 
more effective form of compensated 
pendulum, due to Graham. A cast- 
iron cylinder is screwed on to the 
end of an iron rod ; this cylinder 
contains such a quantity of mercury 
that its expansion for any rise of 
temperature will give rise to an 
ascent of its centre of gravity, which 
will just counterbalance the exten- 
sion of the iron rod due to the same 


. Fig. 26 — Compensated rise of temperature. 

Pendulums. 

An approximate calculation may be 
made as to the height to which mer- 
cury must be poured into the cistern in order that a compensation 
may be effected. Assuming (what is, however, not strictly correct) that 
the coefficient of linear expansion of the iron composing both rod and 
cistern is equal to *000012, whilst the coefficient of absolute cubical ex- 
pansion of mercury is ‘OOOiSo, we may proceed as follows. I^t / » the 
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distance from the free end of the rod to the bottom of the cistern, and 
let ^o = the height of the mercury in the cistern, at o° C. If the rod and 
cistern possess small masses compared with that of the mercury used, the 
centre of gravity of the whole pendulum niay be taken as coinciding 
with that of the mercury. Hence the approximate length of the equiva- 
lent simple pendulum at o” C. = / — — . 

Now let a rise in temperature of f C. take place. If V = the total 
volume of mercury, and S is the sectional area of the cistern, at o'* C., 
then 

V 

— = //o at the initial temperature. 


After the rise of temperature, w'e shall have 

^ _ V (i -f *cxx)i8o t) 

* S (i + 2 X •CXXX>I 2 X /) 

since S represents a superficial area, and hence the coefficient of super- 
ficial expansion (equal to twice the coefficient of linear expansion) of 
the iron must be used. {See Example 5). Hence, expanding by the 
binomial theorem, we have 

V 

~ (i + *000180/) (i - *000024/ + ) 

V 

= - {l -1- (*000180 - *000024) ^ + . . . . [ 

o 

V 

= g (I -{- -000156/). 


Also the length I will be increased, due to the same rise of tempera- 
ture, to / (l + -000012 /). 

Finally, in order that the length of the equivalent simple pendulum 
should remain unaffected by temperature, we have 


h V 

/ - -= /(i + -000012 /) - j c +-000156/). 
2 o 


V 

Remembering that ^ = /^q, we have 


-00015 V ^ 
•000012 X // = — /. 

2 o 

V *000012 , 

S — 2 X .QQQJ^ > 

” -00015 


that is, the height of the mercury in the cistern must be about -16 ofthe 
total length of the pendulum. 
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Perhaps the most common form of compensated pendulum is 
that shown in Fig. 27, and known as Harrison’s Gridiron 
Pendulum. Referring to the table on p. 53, it will be seen 
that the coefficient of linear expansion of brass is about 1 J times 
that of iron. Hence, since the elongation of a rod when heated 
through a certain number of degrees is proportional both to 


Harrison’s Compensated 
Pendulum. 


Fig. 28. — Principle of 
Compensated Pendulum 


its coefficient of linear expansion and its length, it follows that 
if an iron rod is heated, it will be elongated by the same amount 
as a brass rod of §rds its length, the rise in temperature being 
the same in both cases. Hence if, in Fig. 28, AB and CD 
represent two rods of iron and brass respectively, CD being 
frds of AB, then the point D will remain stationary to whatever 
temperature the two bars may be heated. Hence, if a massive 
sphere S be fastened to the end of D, its centre will always 
remain at the same distance from E, the point of suspension ; 
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and if we may assume the centre of gravity of the whole 
pendulum to coincide approximately with the centre of the 
sphere, the length of the equivalent simple pendulum will remain 
unaffected by temperature changes. , 

This form of pendulum would, however, be very awkward to 
use, owing to its excessive length. The arrangement shown in 
Fig. 27 is that generally employed. The 
black bars are of iron, the unshaded ones 
of brass. The two middle cross bars 
only act as guides, being drilled with holes 
through which the rods fit loosely. The 
expansion of each iron rod tends to lower 
the pendulum bob, whilst that of each 
brass rod tends to raise it. Since ther total 
length of the three iron rods is about 
times that of the two brass rods found on 
one side of the pendulum, the position of 
the bob relatively to the point of suspen- 
sion, is independent of the temperature of 
the pendulum. 

A similar, but simpler construction has 
been used for the pendulum of the large 
clock above the Houses of Parliament, 

Westminster. Here an iron rod C is sur- 
rounded by arid attached at one end to the 
extremity of a zinc tube B (Fig. 29). 

The upper extremity of this zinc tube is 
attached to the end of an iron tube A 
which surrounds it, the bob being attached p 
in its turn to the lower end of this iron 
tube. Hence the expansion of the iron 
tends to lower the bob, whilst the expansion of the zinc tends 
to raise it. The coefficient of expansion of zinc is about 2^ 
times that of iron; hence the combined length of the iron rod and 
the outer iron tube being made 2J times that of the zinc tube, 
the centre of gravity of the bob remains always in the same 
position, whatever may be the temperature. 

Ventilation holes are provided in both tubes, so that the whole 
of the pendulum may be capable of quickly attaining the same 
temperature. 



. 29. — Compensated 

Pendulum. 
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Compensated Balance Wheels. — An uncompensated 
balance wheel of a watch will oscillate at different rates at 
different temperatures. This is due to the fact that the mean 
distance of the metal in the rim from the centre of rotation is 
increased when the wheel is heated, whilst the elasticity of 
the spring is also affected by a change of temperature. To 
obtain a balance wheel which will oscillate at the same rate 


whatever the temperature may be, the rim is made in three 
pieces ; each is fastened at one end to one of the spokes, and 
carries a weight near its other extremity, which is left free. 
Each section of the rim is composed of two strips of metal 
lying one outside the other, the outer strip being composed of 
a more expansible metal than the inner strip. When the wheel 
is heated, the following alterations will occur : — 

(i) The spokes will be lengthened ; this 



alone would tend to remove the weights on 
the rim farther from the centre of rotation. 

(2) Owing to the fact that the rim is 
composed of two strips fastened together, 
the outer being the more expansible, heating 
the wheel will tend to increase the curvature 
of the sections of the rim, thus bringing 


Fig. 30. — Compensated 
Balance Wheel. 


the weights nearer to the centre of curva- 
ture. 


When a suitable adjustment has been 
made, the balance wheel will oscillate at the same rate what- 
ever the temperature may be. 

It is well to remember, however, that the mere fact that a 
watch is provided with a compensated balance wheel is of no 
advantage, unless a proper adjustment has been made. 

In laying rails for railways, in building iron bridges, and in 
all operations where large masses of metal may be subjected to 
variations of temperature, allowance for expansion must be 
made. Some examples illustrating this will be found at the end 
of this chapter. 

Cubical Expansion.— When a solid body is heated, each of 
its linear dimensions is altered, and consequently the total volume 
of the body is changed. In some substances, such as glass and 
metals generally, the various dimensions are altered in the same 
proportion. Thus, if a metallic rod of rectangular section be 
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heated, its length, breadth, and thickness will be increased in 
the same proportion. 

Let L the length of the rod. 

Ji = ,, breadth 
D = ,, thickness ,, 

The initial volume = V = L B D. 

If the coefficient of linear expansion of the substance of which the rod 
is composed be denoted by a, whilst the rise in temperature is denoted 
by /, then 

Length at higher temperature — L ( i 4- a/) 

Breadth = B (i + o/) 

Thickness = D (i + o/). 

Volume at higher temperature = L B D (i + o/)^’ 

^ V (I + a/)3- 

If I^, B, and D be each equal to i cm., then we have 

Increase in volume of i c.c. of the substance, due to heating through 

/°C., = (l + a/?’ - I = (l -b 3 a/ + 3 o*/2 + a’/^)- I 

=: 3 a/ + 3 + a*/^. 

In accordance with reasoning previously explained, terms in- 
volving powers of a higher than the first may be neglected. 
Hence — 

Increase in volume of i c.c. of the substance when heated 
through C. = 3a/. 

Increase in volume of i c.c. of substance when heated 
through 1° C = 3a = three times the coefficient of linear 
expansion. 

The increase in volume of unit volume of a sub- 
stance due to heating it through unit difference of 
temperature, is called the coefficient of cubical ex- 
pansion of the substance. — Its numerical value, for a sub- 
stance which expands equally in all directions, is equal to tha*ee 
times the coefficient of linear expansion of the substance. The 
numerical value is independent of the unit of length chosen, 
but will vary with the thermometric scale used (see p. 51). 

A body which has similar properties in all directions 
about any point in it is said to be isotropic. 

Some substances, such, for instance, as crystals, &c., have 
different properties in different directions. To take a familiar 
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instance, the coefficient of linear expansion of wood has a dif- 
ferent value perpendicular to the grain from what it has parallel 
to the grain. Such substances are said to be seolotropic. 

Certain crystals have different coefficients of expansion in 
three rectangular directions. Let us suppose that a unit cube is 
cut from such a crystal, the sides of the ciffie being respectively 
parallel to the three rectangular directions or axes which possess 
the most divergent coefficients of expansion. Let the value of 
these coefficients be taken as Oj, 0*2, ug. 

The increase in volume of the unit cube when heated through 
1° C = (l + aj) (l + 02) (l + ag) - I 

= (ai + 02 + Og) + (aia2 + «2"3 + «3“l) + «1«2“3- 

The terms (0102 "b 02ag -f- ogOj) and OjOgOg, both of which in- 
volve the products of small quantities^ may be neglected. 
Hence 

Coefficient of expansion of an molotropic substance 
= Oj -H 0.2 + 03 = the sum of the principal coefficients of linear 
expansion. 

Expansion of Crystals. — In order to determine the co- 
efficients of linear expansion of a crystal, M. Fizeau has used 
the following arrangement. 

A small metal table AB is supported by means of three 
levelling screws. On the upper projecting extremities of the 

levelling screws rests a small 
plate of optically worked glass 
CD. 

The crystal to be examined 
is ground so as to have two 
parallel surfaces perpendicular 
to the axis along which it is re- 
quired to measure the expansion. 
This crystal P is placed on the 
metal table AB, and the position 
of the plate CD is adjusted so 
that it lies very nearly parallel 
to, and at a small distance from, 
the upper surface of the crystal P. When this adjustment 
has been correctly performed, if the air 'film contained between 
CD and P is illuminated by means of ligl^t from a sodium flame, 



Fig. 31. — Fizeau's Optical Interference 
Method of Determining Expansion. 

(P.) 
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alternate bright and dark bands will be seen on looking vertically 
downwards at P. These bands are similar to those formed 
when two suitable lenses are pressed together, />., to Newton’s 
Rings. If the distance between the upper surface of I’ and the 
lower surface of CD is varied, a movement will be produced in 
these bands. Consequently if the stand and the plate, &c., 
which it supports are heated, an observation of the motion of 
the bands will suffice to determine the difference between the 
expansions of the crystal and of the parts of the levelling 
screws projecting above AB. 

Mr. A. E. Tutton has lately improved this apparatus by sup- 
porting the crystal on a small three-legged table made of 
aluminium, which rests on the upper surface of AB, the levelling 
screws being made of platinum. The* relative height of the 
aluminium table and the parts of the levelling screws pro- 
jecting above AB are so arranged that the upward motion of 
the crystal due to the expansion of the aluminium is just ecjual 
to the increase in distance between AB and CD, due to the 
expansion of the platinum. Thus the expansion of the platinum 
screws is compensated for, and the absolute expansion of the 
crystal is directly determined. 

Summary. 

The linear dimensions o» solids are altered by a change of tempera- 
ture. 

The Coefficient of Linear Expansion of a solid is defined as the 
increase in length of unit length of the solid when the temperature is 
raised by one degreee. , 

One of the earliest, and at the same time one of the best, methods of 
measuring the expansion of a rod of metal is that due to Ramsden. 
Eyepieces and object glasses were arranged so as to constitute two 
microscopes. The object glasses were displaced by the expanding bar, 
and the elongation was calculated from an observation of the relative 
displacement of the images of two sets of stationary cross-wires. 

When the true coefficient of expansion of a single metal is known, 
the coefficients for other metals may be determined by a method similar 
to that described on p. 47. 

Superficial Expansion. — The coefficient of superficial expansion 
of an isotropic solid is equal to twice the coefficient of linear expfin- 
sion of the solid. 
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Cubical Expansion. — The coefficient of cubical expansion of an 
isotropic solid is equal to three times its coefficient of linear expansion. 

Pendulums. — Since the length of an uncompensated pendulum will 
be greater in hot than in cold weather, a clock controlled by such a 
pendulum will lose in hot weather and gain in cold weather. To avoid 
this, compensated pendulums are used. In these, the centre of gravity 
of the pendulum bob is maintained at a uniform distance from the point 
of suspension, by using two or more different metals in its construc- 
tion. The expansion of one metal, tending to lengthen the pendulum, 
is compensated by the expansion of the other metal, which tends to 
shorten the pendulum. 

Balance wheels of watches are compensated by arranging that 
masses of metal carried by the rims of the wheel are maintained at a 
uniform distance from the centre of rotation, whatever the temperature 
may be. In actual practice, the compensation is adjusted to correct tor 
temperature alterations in the elasticity of the hair spring, as well as 
expansions of the balance wheel. 

In all large metal structures, such as bridges, &:c., arrangements 
must be made to allow expansions and contractions to occur. 

Expansion of Crystals. — A crystal expands by different amounts 
in different directions. 

The coefficient of cubical expansion of a crystal is equal to the sum 
of the three principal coefficients of linear expansion of the crystal. 

Fizeau employed a delicate optical method to determine the expan- 
sion of a crystal. Interference fringes were produced between one face 
of the crystal and a glass plate. An observation of the displacement of 
the fringes gave the expansion of the crystal in terms of the wave 
length of the light used. 

Questions on Chapter III. 

(1) Give an account of an accurate method of determining the co- 
efficient of linear expansion of a solid. 

(2) Explain how the length expansion of a rod with rise of tempera- 
ture may be accurately measured. 

(3) A steel metre scale is correct at o” C. What correction must be 
applied to a length equal to 79*512 cms., measured by means of the 
above scale at a temperature of 30° C. ? 

(4) Describe and explain the Gridiron pendulum. 

(5) Define the coefficient of linear expansion of a solid, and describe 
an accurate method of determining it. 

Two copper bars, each 30 cms. long at o* C., are placed in one 
straight line, with their outer ends fixed. Find how far their inner ends 
must be apart so that they may just touch at a temperature of 50° C. 
(coefficient of linear expansion of copper 0 000017). 
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(6) Assuming that the highest summer temperature is 45® C., and the 
lowest winter temperature - I5®C., what allowance must be made for 
expansion in one of the 1,700 ft. spans of the Forth Bridge ? (Bridge is 
made of steel the coefficient of linear expansion of which = 0'0000I2.) 

(7) The length of the tubular railway bridge across the Menai 
Straits is 461 metres. Find the total expansion of this iron tube be- 
tween - 5® C. and + 35° C. 

(8) A block of copper occupies a volume of a cubic foot at 100® C. 
What volume will it occupy at 0 ° C. ? 

(9) Descril)e how you would measure the coefficient of expansion of 
such a substance as a diamond. 

(10) Explain why it is a sufficiently near approximation in general to 
take the coefficient of volume expansion as three times the coefficient 
of linear expansion. Calculate the error p.c. involved in this approxi- 
mation in the case of calculating the cubical" expansion through 100" C. 
of a body whose coefficient of linear exjmnsion is 0*00001234. 

(11) Describe and explain the method of measuring linear expansion 
of solids by means of interference bands. 

Practical. 

(2) Measure coefficient of expansion of a metal bar. 
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Density. — The mass of unit volume of a substance is termed 
the density of that substance. 

Using the cubic centimetre and the gram as the respectiv^e 
units of volume and mass, the density of a substance will be 
equal to the mass (in grams) of i c.c. of the substance. 

Let us suppose that at a particular temperature in grams of a 
substance occupy a volume of v cubic centimetres. Then, to 
obtain the density, p, of the substance, we may proceed as 
follows. 

z' c.cs. possess a mass of m grams. 

.'. I c.c. will possess a mass of — grams. 



If the mass m ot a certain quantity ot a substance is known 
as well as the density p, then the volume occupied by the m 
grams may be determined from the equation 

P 

If the volume v and the density p are known, and the mass 
m is required, we have 

m = 7/p. 

In most cases the density of a substance will vary with the 
temperature. This is obvious when we remember that i gram 
of the substance will generally occupy different volumes at 
different temperatures. 
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Expansion of Hollow Vessels.— It may be well at the 
outset to examine into the connection between the increase in 
the volume enclosed by a vessel when it is subjected to a rise of 
temperature, and the coeffi- 
cient of linear expansion of 
the substance of which the 
vessel is composed. We will 
consider the cases of cylin- 
drical and spherical vessels. 

- I. Cylindrical vessel. — Let 
ABC represent the section 
of a thin-walled cylindrical 
tube, of radius r, and length /, 
at some stated temperature, 
for instance, at o'’ C. 

Then the length of the 
periphery of the tube at 
0° C. = 27 rr ; length of the 
periphery of the tube at f' C. =2?rr (i + at) if a = the coefficient 
of linear expansion of the substance of which the tube is 
composed. 

.*. Radius of tube at ^ C. = r(i + nf). 

Sectional area of tube At f C. = 7r{;'(i + 

The length of the tube at C. = /(i + at). 

.*. Volume enclosed by tube at f C. 

= 7r{r{l + a/)}V(l -1- at). 

= 7rr2/(i + at)\ 

= 7r^/(i + Sat . . ). (See p. 59.) 

But TrrV = vol. enclosed by tube at 0° C., and 3a = the co- 
efficient of cubical expansion of the glass. 

Hence the increase in the volume of a hollow tube, resulting 
from a given rise of temperature, is the same as would be pro- 
duced under similar conditions in a solid body occupying the 
same initial volume as that’ enclosed by the tube, and composed 
of the same substance as its walls. 

2. The alteration in the volume of a spherical shell may be 
treated similarly. Let ABC now represent a section passing 
through the centre of the sphere. 

F 


= sectional area x j 
length, both at t° 



Fig. 32. — Expansion of a hollow vessel. 
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Length of circumference of circular section at o'^ C. — "i-nr. 

)» )) ») )) )> = 27r^( I "Hot). 

.* . Radius of circular section at f C. 

= radius of sphere at f Q. = r(i + at). 

Volume enclosed by sphere at C. — V = — 

3 

„ „ „ „ /'■ C. = i 4- at)^. 

3 

- V(l + 3a/ + . . . ) 

Increase in volume of sphere due to heating through f C. 

= V X 3a/ = V X coefif. of cub. exp. x /. 

The student may be left to apply similar reasoning to the case 
of a cube, when it will be seen that the conclusion derived above 
for the case of a cylindrical tube may be generalised for the 
case of the volume enclosed by a vessel of any form. 

Experiments made on the lines laid down in the last chapter, 
in order to determine the coefficient of linear expansion of glass, 
give no very trustworthy information which can be applied to 
vessels blown from glass tubing. During the melting and 
blowing the coefficient of expansion of glass is often somewhat 
altered, whilst different samples of glass vary very much one 
from another. Consequently, it becomes necessary to determine 
the coefficient of cubical expansion of a glass vessel after that 
vessel has been made. 

Determination of the coefficient of Cubical Expan- 
sion of the Glass of which a Bulb is composed. - The 

coefficient of absolute expansion of mercury has been obtained 
by Regnault, using a method subsequently to be explained, in 
which no correction is necessary for the expansion of the con- 
taining vessel. By the aid of Regnault’s results the absolute 
expansion of a vessel can be determined, and subsequently the 
absolute expansion of any liquid may be found. 

The method to be employed is as follows : — 

Expt. 15. — A bottle, of the shape shown in Fig. 33, is blown from a 
piece of glass tubing. The best size for the bottle will depend on the 
balance which is to be used in weighing it when full of mercury. It 
is best not to use a sensitive chemical balance for this purpose, as doing 
so will necessitate the bottle being made very small. A spherical bulb, 
1 4 inches in diameter, will hold nearly 400 grams of mercury. A con* 
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striction is made in the neck of the bottle, and a file mark made at this 
point will serve to indicate the position which the surface of the mercury 
or other liquid should occupy. The lx>ttle may be provided with a flat 
l)ottom, as long as the glass is not made so thin that the pressure of the 
mercury is likely to deform it. 

Tlie bottle should be washed with nitric acid and then with 
distilled water, and carefully dried by gently heating it and 
sucking air out through a piece of glass tubing. It is then 
weighed, and pure mercury is poured into it by means of a small 
funnel made by drawing out a piece of glass tube. Small bub- 
bles of air on the glass can be removed by tilting the bottle 
when not quite full. The bottle is then 
placed in a beaker, and water is poured into 
the latter up to about the level of the con- 
striction ; mercury is added or abstracted, 
as the case may require, so that the level of 
the mercury surface just coincides with the 
scratch in the neck. The temperature of the 
water having been observed, the bottle and 
its contents are weighed. 

The bottle containing the mercury is then 
replaced in the beaker. The whole may Fig. 33.— Dilatometer. 
now be heated on a sand bath up to about 

C. When this temperature, observed by means of a 
thermometer dipping in the water, has been maintained con- 
stant for several minutes, mercury is carefully drawn out of the 
neck of the bottle by means of a small pipette, till the surface 
of the remainder Just coincides with the scratch. The mercury 
which has been withdrawn is carefully run into a weighed 
watch-glass, and its mass is determined, a chemical balance 
being used for this purpose. 

Let W = mass of mercury filling bottle at initial temperature. 

7if = mass of mercury removed at final temperature. 
p ~ density of mercury at initial temperature. 

/ = difference between initial and final temperatures. 

If the volume of the bottle had remained constant during 
the experiment, we might have reasoned as follows : — 

A mass (W — w) grs. of mercury which occupies a volunic of 

F 2 
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W — 7V 


- c.cs. at the initial temperature, is increased in volume 


by - c.cs. when heated throug^h C. 

P 

I c.c. of mercury, when heated through i° C., is increased in 
volume by ^ . I = 

Since, however, the \olume enclosed by the bottle is itself 
altered during the experiment, the quantity repre- 

sents, not the absolute coefficient of expansion of mercury, but the 

coefficient of apparent expansion of mercury in glass. 

In order to take into account the expansion of the glass, we 
must proceed as follows : — 

Let y = volume enclosed by bottle at initial temperature, 
g = coefficient of cubical expansion of glass. 

Then volume enclosed by bottle at final temperature == V( i -f 
Increase in volume of bottle = V^/. 

Thus (W - w) grs. of mercury, occupying a volume of 

c.cs. at initial temperature, are increased in volume by 

P 

4 - V^r/ c.cs., j when heated through 7*^ C. 

•*. I c.c. of mercury at the initial temperature will, when heated 
through 1° C., be increased in volume by 

( 7V , V \ 

((\V 


But V = — and therefore W - w may be taken as equal 
/ . p " 

to 1. (It will not generally differ from unity by more than i or 
Z per cent.) 

Hence, if == coefficient of absolute expansion of mercury. 

Mg = coefficient of apparent expansion of mercury in 
glass. 

w 

(W'- 

qjn 

and m = + m, + g. 
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i.e., the coefficient of absolute expansion of mercury 
is approximately equal to the coefficient of apparent 
expansion of mercury in glass, increased by the co- 
efficient of cubical expansion of glass. 

Therefore/ ir = m _ rUg, 


According to Regnault, the mean value of m for temperature 
between 0° and 100'’ is *00018153. . . 

Hence this value, together with the value determined for the 
coefficient of apparent expansion of mercury in glass, will suffice 
to determine the coefficient of cubical expansion of glass. 

To determine the coefficient of absolute expansion 
of water, &c. — 

Expt. 16. — The same bottle as that us 5 d for the last experiment is 
emptied, cleaned with nitric acid, and finally filled with water. It is 
then immersed in a beaker of water, which is boiled for some time, 
until all the air dissolved in the contained water has been expelled. 

The temperature of the water in the beaker is then maintained 
constant at about 80'’ C. for the space of 8 or 10 minutes, wdien 
the water surface in the bottle is adjusted to be level w ith the 
scratch, and the bottle is removed from the beaker, dried, and 
weighed. The weighing may be performed 
on a sensitive chemical balance, but the 
bottle should first be allowed to cool, as the 
currents of air set in motion by the hot bottle 
will produce errors. 

Similar operations may be performed at 
70°, 60°, 30°, 20°, ib’, o'’ C., the water in the 
beaker being cooled with ice shavings for the 
last experiments. Finally, the coefficients of 
expansion for these various values may be 
calculated, using the previously determined 
value of the coefficient of expansion of glass. 

Expt. 17. — The expansion of water can also 
be determined in another manner. A glass bulb 
about 2 in. in diameter is weighted with shot till 
it will just sink in cold water. The neck of the bottle is then 
drawn out and sealed, and the drawn out portion l)ent into a hook 
(Fig. 34). The bulb is suspended by means of a horsehair from the 



Fig. 34. — Weighted 
glass bulb, tor de- 
termining expan- 
sion of a liquid. 


1 For accurate work, we should use the exact equation, g — (jn — m^) 


W-w 

w 
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beam of a balance, and weighed. A small three-legged table is then 
olaced above one of the balance pans, and a beaker of hot water is 
supported on this, so that the bulb is entirely immersed when the beam 
is swinging (Fig. 35). 



fig- 35* — Arrangement for determining the expansion of a liquid by weighing a body 

of known expansibility in it. 


Obtain the apparent masses of the bulb when suspended in water at 
two or three different temperatures, and deduce the mass of the water 
displaced in each instance. 

Let W = true mass of bulb. 

\Vj = apparent mass of bull) suspended in water at temp. C. 

- ,, „ „ „ C. 

g = coefficient of cubical expansion of glass. 
p — the (unknown) density of water at C. 

‘Then, mass of water disjdaced at C. — (W - Wj) grams. 

W - W 

Volume of bulb at ’ r.cs. 

P 

W - W, r 1 

Volume ol bulb at /,'C. = ^ | i + gi/o - /j) | c.cs. 

But mass of water displaced at /g" C. (W - W,^) grams. 
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If this mass of water were cooled to /j'* C., it would occupy a volume 
W - W., 

of c.cs. But at C. it actually occupied a volume of 

9 

W - W 

^ {l +^(^2 - i(l)}c.CS. 


W - Wo 

Increase in volume of ^ 


c.cs. of water, when heated through 


, W - Wj , ,, W— W- 

(/a ~ c. = — ' { I + .^’•(^2 ' ^1)} — 

Wa - W, W - W. 

- + 

P 9 

Increase in volume of i c.c. of water when heated through 


r C 


■={ 


Wa - Wi , W - Wi 


+ 


.!r(^2 - 




W - Wo 


p 

Wa - Wi W - Wj 

- (W- WoK/a-A) W - Wa-^* 


(^2 ■" A) 


Further, the quantity by which g is multiplied will be very nearly equal 
to I. Hence, finally, if y3 is the mean coefficient of absolute expansion, 
of water between ii and C., 

Wa - W, 

® (W- Wj) (/,-/, )+'^- 

Experiments to determine the behaviour of water with regard 
to expansion, between the temperature o — 10°, will be described 
later on in this chapter. 

Coefficient of Absolute Expansion of Mercury.— 

Before giving an account of Regnault’s experimental determina- 
tion of the absolute expansion of mercury, a simple modification 
of the apparatus previously used by Dulong and Petit for the 
same purpose will be described. This apparatus can be made, 
with the exercise of a little care, by any one possessing a slight 
amount of skill in bending glass tubing, and will permit of toler- 
ably accurate results being obtained. 

The immediate object of this experiment is to determine the 
ratio of the densities of mercury at two different temperatures. 
Having obtained this, a simple calculation will suffice to 
determine the coefficient of expansion. 

Now the ratio of the densities of two liquids, such for 
instance as mercury and water, may be obtained by pouring 
mercury into a U-tube, and then introducing a column of water 
into one of the limbs above the mercury. If we imagine a 
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horizontal plane to be drawn through the surface of separation 
of the water and mercury, this plane will cut off a short column 
of mercury in the other limb of the tube, the height of this column 
being such that the pressure due to it is just equal to the pressure 

produced by the water column. It 
must be remembered that pressure 
denotes force fer square cm. ; 
hence the pressure produced by 
a column of water cm. high 
is obviously equal to the force 
exerted by gravity on a column 
of water of i sq. cm. sectional area, 
and Hi cms. long. This force 
is equal to x i x Hj = dynes 
where g is the acceleration due to 
gravity. Similarly, if p is the den- 
sity of mercury the pressure due to a 
column of mercury H^ cms. high will 
be equal to^pH2- 

The condition that these pressures 
should be equal, gives 

or PH2= Hi. 

Hence the condition that two liquid 
columns should produce equal pressures, is obtained by equating 
the heights of the columns multiplied by their respective 
densities. 

It will be noticed that no error is introduced into this result 
by irregularities in the sectional areas of the limbs, or even if 
any variations in the dimensions of the limbs occur during the 
course of the experiment. 

The application of this principle to the determination of the 
absolute expansion of mercury may best be explained when the 
construction of the necessary apparatus has been described. 

Fig. 37 shows front and side views of the apparatus. It may 
be constructed as follows 

Expt. 1 8. — A wooden stand, consisting of a base 6" x 9", and an 
upright board 24" x 9", is made from ^-inch pine. Four blocks, about 
1" X 2" X I", are provided, and are ultimately fixed in the positions 



Fig. 36. — U'tube containing 
mercury and a less dense 
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Ai Ag A3 A4 (Fig. 37). These blocks are slightly grooved on their 
front surfaces, so as to admit of the pieces of i" glass tubing Tj, To 
being fastened to them at a distance of 7" from centre to centre. Each 
of the glass tubes T,, T2, is 18" long, and is provided at both ends 
with sound corks. Each cork is bored centrally to take a glass tube of 
about internal diameter, and excentrically to take another tube of 
rather smaller size. 



Fig. 37. — Apparatus for Determining the Absolute Expansion 01 Mercury. 


The most important part of the apparatus is the continuous 
glass tube BCDEFG. A piece of glass tubing 5 feet long is 
taken and cleaned by drawing through it a small plug of wet 
cotton wool attached to the end of a string. The tube is dried 
by gently heating and drawing air through it, and then twice 
bent at right angles at D and E, two points 7" apart and equi- 
distant from the middle of the piece of tubing. Care should be 
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taken that it is in both cases bent accurately at right angles, and 
that the bent pieces lie in one plane. The ends of these tubes 
ai;e pushed through the central holes in the corks fitted to the 
tubes Ti and Tg, when the whole may be laid on a flat table with 
the projecting ends of the glass tube over the edge. 

The next operation is to make the rectangular bends at C and 
F. This may best be done by the aid of a small luminous gas 
flame. The bends should be made as near to the corks as 
possible. At this stage it wilfbe impossible to bend both tubes 
so as to lie in the same plane as the rectangle CDEF, but they 
may be bent so as to lie one on the other, and a final adjustment 
made subsequently. 

Both tubes must then be bent so that a few inches near their 
extremities lie parallel and side by side (see P'ig. 37). The 
blocks Aj, A2, A3, A4, having been placed in position, the 
whole arrangement may be fixed by means of copper wires 
encircling Tj and T2, and wound round the heads of nails 
projecting from the blocks. 

Bent tubes are fitted to the excentric holes in the corks, as 
shown in the figure. 

A small millimetre scale, preferably engraved on a piece of 
looking-glass, is fixed J^ehind the upright tubes ending at 
B and G. 

Clean mercury is then poured into the tube BCDEFG. 
When a small amount has been poured in, this must be run 
backwards and forwards so as to remove any air bubbles on the 
sides of the tube. This operation must be repeated at intervals 
whilst the tubes are being filled to within about two inches from 
their eiids. 

The tubes Tj and Tg are then set upright, with the tube 
DE horizontal. The mercury surfaces should give equal 
readings on the scale ; if they do not, the disagreement may be 
due to the tubes B and G being of different diameters, thus 
giving rise to capillary forces which differ in the two cases. 
Any disagreement must be noted, and applied as a correction 
to all subsequent readings. 

Steam is afterwards led through the right-hand tube T„ 
whilst a stream of water at the temperature of the air is led 
through T2. The temperature of the water on entering and 
leaving Ti* must be noted. Pieces of blotting paper are placed 
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on the horizontal tubes near to C and U, and water which has 
stood some time in the air is allowed to drip on these from a 
burette. This is to prevent heat from travelling along the 
mercury column from the part enclosed in the tube Tj. 

It will be found that the mercury stands at a higher level in 
the tube B than in G. The explanation of this is simple. The 
mercury surrounded by the steam jacket having been heated, 
has expanded, and its density has consequently become smaller. 
Hence, in order to balance the cold mercury column on the left- 
hand side of the apparatus, a greater total length of column is 
required on the right-hand side. 

It will, for simplicity, be assumed that the tubes DE, and 
those proceeding from C and F, are horizontal, and therefore 
that length CD = length FE = H (say) ; also that the tempera- 
ture of the water passing through To is equal to that of the air. 

If the vertical column of mercury in B is hy cms. long, that in the 
neighbouring tube G being //., cms. in length, and if pt — density of 
mercury at the temperature of the air, pioo = density of mercury at 
100" C., we have 

Pressure at D = hypt + Hpioo 
,, E — + Hpt- 

Since I) and E arc in the same horizontal plane, the pressures at 
these points must 1)C equal. 

.*. hypt + IIpjoo = + Ilpt 

Hpioo = P<IH - {hy - h^\ 

Pt Pm 

But p,oo = mass, in grs., of i c.c. mercury, at a temperature /)f 100° C. 

.*. I grm. of mercury, at 100° C., occupies a volume of—^c.cs. 

Pm 

Similarly pt = mass in grins, of l c. c. of mercury at /" C. . 

.'. I grm. of mercury at /° occupies a volume of ^ c.cs. 

Further, volume of i grm. of mercury at 100° = {i + m{ioo ~ l)\ 
X volume of i grm. of mercury at C., 

if m — mean coefficient df expansion of mercury between loo'^ 
and C C. 

I I -t- m (100 - /) 

Pioo P* 
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Substituting this value in ( i ) we get 

H (i + m{ioo - /)■) , , , 

_ ^ 'l(H - //j + /^2). 

pt { pt ) 

II = {i + ffi {loo - /)}(H - Aj + /lo). 

% 

Re-arranging, we get 

/u (lOO - /)(II - /t^ -f h^) — H - li + //, - //o = //] - 7^2, 


//, - //.> 

. /n — ■ "y- - - 

(too - /)(II - /l^ + An) 

If An - Ay is small in comparison with II, we shall have 
Mean coefficient of absolute expansion of mercury = m — 


Ay - An 
(loo - /)ii 


It will be noticed that hy — hn \^ equal to the difference in 
level of the two free mercury surfiiccs. 

It may be remarked that the results of this experiment are 
not quite unaffected by the expansion of the glass tubes. Thus 
if the length CD = length FEat/^C., then CD will be increased 
in length when heated. Error from this cause may be avoided 
by measuring the lengths CD and FE whilst at their final 
temperatures. The error incurred is, however, in any cir- 
cumstances smaller than that arising when experiments on 
the expansion of liquids in bulbs, «S:c., arc in question. In fact, 
in the present experiment the coefficient of linear expansion of 
glass occurs, possessing only one-third of the value of the co- 
efficient of cubical expansion, the correction to be applied in 
other cases. It may be left as an exercise to the student to 
show that 


tn 


a -h 


Ay 

(loo-/) II 


where a is the coefficient linear expansion of the glass. 

Begnault’s Determination of the CoeflQcient of 
Absolute Expansion of Mercury.— Regnault used an 
arrangement essentially similar to that just described to per- 
form a long series of experiments ; but the apparatus most 
closely associated with his name was constructed on a slightly 
different plan. The general principle of this apparatus may be 
understood from Fig. 38. Two upright tubes, .A A', BIT, are 
connected together, at the top by a straight hor izontal tube of 
fine bore AB, and at the bottom by a tube A'CEFDB' bent 
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into an inverted (J near its centre. The upper tube has a small 
hole bored in its upper surface at K ; and a connecting tube, 
leading to a receptacle containing compressed air, is attached 
to the top of the inverted U G. Mercury is poured into the 
arrangement at A or 15, and a sufficient pressure produced in the 
air chamber to depress the surfaces of the mercury in CE and 
DF to about the middle of these tubes. If the mercury in AA' 
is at the same temperature as that in BB', the surfaces of the 



Fig. 38. — Diagrammatic Representation of Regnault’s Apparatus. 


mercury in the central tubes will, of course, be in the same 
horizontal plane. 

If, now, the mercury in one of the side tubes, say AA', is 
raised to a temperature above that of the other BB', the mercury 
will stand higher in DF than in CE. 

Let //j — height of mercury surface in DF above the centre of the 
tul)e B'l), and /i.^ = height of mercury surface in CE above centre of 
the tube A'C. 

Let III, distance from the free mercury surfiices at B and 

A to the centre of the tubes DB' and A'C respectively. 

I.,et /, = temp, of mercury in BB' and the tubes CE and DF and pi 
its density ; also = temp, of mercury in AA\ and po its density. 

Let P = the excess of the pressure in the air chamber, above the 
atmospheric pressure. 

Then, since the pressures at the ends of the tube DB' must be equal, 
we have 


P + II, p, P = H,pj - //jP,. 
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Similarly with regard to the pressures at the ends of A'C 

I “P ^ Pli • • F 

Combining these equations we have 

H1P2 - /qpj = H2P2 — 

Pi (Hi - ^1 + /ii>) ~ 

III - ^1+ _ H2 

H Pi' 

By reasoning precisely similar to that employed on p. 75, it may be 
shown that 

1 - 

Pj Pi 

Hence 

(Hi - A f + //a) + w (/., - /j )I _ Hj 

Pi Pi ‘ 

(Hi - //, + ^ 2 ) {i 4- w(/2 - 

Hence, following a similar method to that employed on p. 76, we get 

_ H2 - Hj + ii, ~ ^2 

(l l, - ir+ Z/a) (a7^- ^ 

It should be noticed that the use of the compressed air forced 
into the upper part of the tubes CE and I)F might have been 
avoided by making these tubes sufficiently long, in that case, 
however, it would have been difficult to arrange that the tem- 
perature of the mercury throughout the whole lengths of these 
columns should have been uniform. 

Fig. 39 represents the actual apparatus used by Regnault. 
GH represents an iron bar, supporting the tube AB in a 
horizontal position. The tube AA' was surrounded by a jacket 
filled with oil, which could be heated by a fire beneath it. The 
other upright tube BB' was surrounded by a jacket through 
which cold water circulated, whilst a stream of cold water pre- 
vented heat from travelling along the mercury in the horizontal 
tubes. The temperature of the oil surrounding AA' was obtained 
by means of an air thermometer, the bulb T of which extended 
the whole length of AA'. The use of the other parts of the appa- 
ratus may easily be seen by comparison with the diagrammatic 
sketch (Fig. 38). 

In performing an experiment, the pressure in the air chamber 
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was increased until mercury just began to flow from the central 
hole in the horizontal tube AB. The lengths of the vertical 
mercury columns were measured from this level. 

Regnault’s object was not alone to determine the coefficient 
of expansion of mercury at a single temperature, but also to 
find how the expansion varied with the initial temperature 6f 
the mercury. If i c.c. of mercury is increased in volume by 
a certain amount when heated from o° to i° C., it does not 
follow that I c.c. of mercury at ioo°C. will expand by the same 
amount when heated to ioi°C. The result obtained will to an 
extent vary with the thermometric scale chosen. 

Variations in value of m with Thermometric 


System adopted. — With a mercurial scale, temperature is 
defined according to the following conditions ; — 

Let us suppose i c.c. of mercury, at the temperature of melt- 
ing ice, to be increased to i -1- A c.cs. at the temperature of 
steam under standard conditions. Then each degree Centigrade 

A 

will correspond to an increase in volume of — c.cs. Thus at 

lOO 

the volume occupied by the mercury in question will be 

A A 

I + — A, at /n'^, it will be equal to i -t- — A. Thus we have, 
loo loo 

A 

(i + — /,) c.cs. of mercury at increases in volume to 


( I + — / 2 ) c.cs. at 

lOO 


A(/2 - A) 


.• . I c.c. of mercury at is increased in volume by 


when heated to 

: . Coefficient of expansion of mercury at 


loo 


A , 

I -f — A 
lOO 


A(^2 “ ^l) 


lOO 


I + — /l 
lOO 


(^2 “ A ) 


lO O 

: + 

lOO 


Therefore if temperatures are measured by means of a mer- 
cury thermometer, the coefficient of expansion of mercury will de- 
crease as the initial temperature f C. of the mercuiy is increased. 
For reasons which have been in part explained (Ch. II.) and 
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will be amplified when we come to consider the thermometric 
properties of gases, an air (or, better still, a hydrogen) thermo- 
meter always forms the ultimate standard in measuring tem- 
perature. This at loo" and at o' C. will agree with the mercury 
thermometer ; but other temperatures as indicated by the air 
and mercury thermometers will not agree exactly. 

With the air thermometer, temperatures may be measured as 
follows : — Let a certain quantity of air at the temperature of melt- 
ing ice occupy a certain volume under a pressure P, and let it be 
necessary to increase this pressure by;^ in order to maintain this 
air at the same volume at the temperature of water boiling under 
standard conditions. Then an intermediate temperature r C. 

will correspond to a pressure of P -f tJic air being main- 

tained throughout at its initial volume. 

Regnault found that when temperatures are measured by an 
air thermometer, m was very nearly constant for temperatures 
between o'^ and loo’ C. For very high temperatures its value 
differed somewhat considerably from its value at low tempera- 
tures. 

Between o’ and loo" C. the mean value for the coefficient of 
cubical expansion of mercury is ‘00018153. 

Coefficients of Expansion of Liquids.— Two methods 
of determining the coefficient of expansion of a liquid have 
already been described. An improved form of apparatus for 
determining the same quantity will here be mentioned. 

Fig. 40 represents a Pyknometer. This consists of a wide 
tube AB joined at both ends to thermometer tubes of fine bore, 
which are bent as shown, the parts CD, EF being in a straight 
line. To fill this arrangement, the end C of the tube DC 
(which is here drawn out so as to possess a very fine orifice) 
is placed below the surface of the liquid, AB meanwhile being 
inclined with B uppermost. A piece of indiarubber tubing 
having been placed over the end F, liquid is sucked into the 
apparatus till the whole is filled. 

The pyknometer is then placed in a beaker of w'ater, and is 
supported by resting the tubes CD, EF on the rim of the beaker. 
After having been left for a sufficient time for the contained liquid 
to have attained the temperature of the surrounding water, the 
pointed end E of the caoillary tube is touched with a piece of 
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blotting paper, and liquid withdrawn in this manner till the 
meniscus in the tube EF is seen to just coincide with the 
scratch G. 

The pyknometer and its contents are then weighed and the 
above operations repeated, only with the waiter contained in the 



beaker kept at a higher temperature. The necessary calculations 
are similar to those already explained, (pp, 67- 68.) 

To determine the Expansion of Water between O 
and 10^ C. 

Expt. 19. — A .simple form of apparatus for this experiment may 
be made as follows^ : — 

A water thermometer, of the shape shown in Fig. 41, is made 
out of glass. The bulb is cylindrical, so as to present a large 
cooling surface, and should contain from two to three hundred 
tubic centimetres of water. The relative sizes of the bulb and 
tube must be selected after the performance of a calculation 
similar to that given on p. 6 ; the expansion of water for 
temperatures between and 10'^ can be derived from the table 
on p. 466. 

1 See a description by Mr. //. E. Hadley in "The School Worlds" Jutie, 1901. 
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In order to o])tain the best results, about one-seventh part 
of the volume of the bulb should be filled with mercury, M, the 
rest of the space being filled with water, W. By this means 
the expansion of the bulb is corrected for. The total increase 
in voKime of the bulb when heated is equal to the increase 
in volume of the mercury, so that the volume 


occupied by the water remains unchanged. 
(See Question 3, p. 88.) 

The bulb must be filled with distilled 
water which has been well boiled, in the 
manner explained, with regard to a mercury 
thermometer on p. 8. It is best not to seal 
up the tube of the water thermomertir ; a 
short column, O, of heavy paraffin oil can 
be used to prevent contact between the 
w.'iter and the atmosphere. 

To perform an experiment, the bulb is 
immersed in water contained in a suital)le 
vessel, and a steel scale, or better still, a 
scale engraved on a piece of looking glass, 
is fastened behind the tube with soft red 
wax. Finally a thermometer is hung in the 
water in order to indicate the temperature. 

The best means by which the w’ater may 
be cooled is by adding ice shavings, cut with 
a broad chisel from a large block of ice. 
Stir the water well, and try to nitaintain the 
temperature indicated by the thermometer 
constant for several minutes before each 
reading. The observations to be taken arc, 
the positions of the w'ater surface (reading 
from the lowest edge of its curved surface)^ 
and the corresponding temperatures of the 
surrounding water. When you have cooled 
the water down to nearly C., taking 
readings (say) at 15", 12°, 9^, y'", 6°, 5'', 4 \ 
3°, 2^^ and 1°, allow the w^ater to rise in 
temperature, stirring w^ell .all the while, 
and take similar observations in a rev^erse 
order. 



Fig. 41. Apparatus 
for deteriuiniug 
the temperature 
of maximum den- 
sity of water. W, 
water ; M/ mer- 
cury ; O, short 
column of oil. 


G 2 
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Take the mean of tlie two readings of the position of the 
water surface at any temperature (when cooling and when 
heating) to represent the true reading for the given temperature. 
IMot a curve similar to Fig. 42, temperatures being marked 
off horizontally, and the readings for the -height of the water 
surface vertically. 



The curve shows very plainly that the surface of the water in 
the narrow tube falls as the water is cooled, till a temperature 
of about 4^ C. is reached ; after that the surface rises till 0° C. 
is reached. 

Consequently water is denser (or i c.c. of water has a greater 
mass) at ^ C. than at any other temperature. Further notice 
that the curve is very nearly flat in the neighbourhood of 4^ C., 
so that a small variation in the temperature will make little 
diflerence in the density of water. 

(The curve given shows that while the temperature was 
changing from 6*8 ' C. to 4^ C., giving a fall of temperature of 2*8^ 
the water surface fell ‘4 cm. ; whilst for a change of tem- 
perature from 10'^ C. to 7*5'^ C., a fall of 2*5'^, the water surface 
fell 2 cm.) 

For this reason the unit of mass in the metric system 
has been defined as the mass of 1 cc. of water at a 
temperature of 4° C. This unit of mass is called a 
gram. 
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Expt. 20 — The value of the expansion of water between 0° and 
10° C. may also be obtained by the use of the method explained in 
experiment 17, p. 69, cooling the water by adding ice shavings. 

This method was used by Matthiessen ; the coefficient of 
expansion of the bulb was first determined by finding the mass 
of mercury which it contained at various temperatures. 

Halstrom used a piece of glass rod instead of the bulb, and 
determined the coefficient of linear expansion of the rod by 
Ramsden’s method (see p. 46). 

Maximum Density of Water.— Fig. 43 represents Hope’s 
well-known apparatus for determining the temperature at which 
water possesses a maximum density. 

A cylindrical glass vessel is sur- 
rounded, at about half its height, by 
an annular trough, which may be 
filled with a mixture of broken ice and 
salt, thus forming a freezing mixture. 

Two thermometers indicate the re- 
spective temperatures of the water at 
the top and bottom of the cylindrical 
vessel. 

As long as the density of the water 
is increased by cooling, the colder 
water will sink, thus causing the tem- 
perature indicated by the lower ther- 
mometer to fall. This will go on until 
the lower thermometer indicates 4^ C., 
the upper thermometer meanwhile 

remaining at its initial temperature. Soon after the lower ther- 
mometer has reached 4^^ C., the temperature indicated by the 
upper one will commence to fall, and will continue to do so 
till o® C. is reached, and ice begins to form on the upper surface. 
The temperature indicated by the lower thermometer remains 
during this interval at 4"^ C. 

Expansion of Liquids above their Boiling Tempera- 
tures and below their Solidifying Temperatures.— Pure 
liquids, particularly j)urc water, may be cooled considerably 
below their solidifying temperatures without becoming solid, as 
long as the containing vessel is quite clean, and dust and 
mechanical vibrations are avoided. Hence, if such a liquid is 



Fig. 43 — Hope’s Apparatus 
for determining the tem- 
perature corresponding to 
the maximum density of 
water. 
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enclosed in a bulb provided with a tube like an ordinary ther- 
mometer, it is possible to study its behaviour at temperatures 
far below its solidifying point. 

Despretz has thus studied the behaviour of water as far as a 
temperature of — 20°C. He found that water continued to 
expand as the temperature fell, until solidification occurred. 

After solidification had occurred, however, the ice contracted 
with further cooling ; indeed, after water is frozen, any 
subsequent fall of temperature is accompanied by 
a contraction. 

When liquids are subjected to pressure, their boiling points 
are raised. We have already seen how this property has been 
utilised in the construction of high temperature thermometers. 
In an exactly similar manner we can study the expansion of a 
liquid at temperatures above its boiling point, by enclosing the 
liquid in a thermometer-shaped vessel, the space above its 
surface being occupied by some inert gas. 

In this way it has been found that the coefficient of cubical 
expansion of a liquid increases as the temperature is raised, and 
may even, for high temperatures, be greater than that of the 
permanent gases. Thus Thirlorier found that the volume of 
liquid carbonic acid at 30'’ C. was one-and-a-half times the 
volume of the same liquid at o'' C., thus showing an expansion 
equal to four times that of air. 

The expansion of a liquid which is raised to such a high 
temperature that it would boil if the pressure to which it is 
subjected were relaxed, has been found to be independent of 
the exact value of that pressure. Water, however, appears to 
form an exception to this rule. Thus the temperature of 
maximum density of water is lowered by about 1° C. when 
subjected to a pressure of 50 atmospheres. 

Cubical Expansion of a Solid. — If a solid body be en- 
closed in a glass vessel of which the coefficient of expansion has 
been determined by the method already described (p. 66), and 
if some liquid such as mercury, of which the absolute expansion 
is known, be introduced so as to fill the space not occupied by 
the solid, the expansion of the latter may be easily determined 
by finding the apparent expansion of the mercury. 

Fig. 44 shows a weight thermometer or dilatometer, arranged 
for this purpose. The narrow neck is drgwp owt after the solid 
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bar has been introduced. The bar is provided with small pro- 
jections to keep it from lying on the side of the dilatometer. 

The instrument is filled by placing the end of the drawn out 
tube below the surface of some clean mercury, and driving out 
some of the contained air by heating ; mercury subsequently 
enters as the dilatometer is allowed to cool. This process is 
repeated till all the air is expelled, when the mercury is boiled 



Fic- 44* — Weight thermometer, arranjijed to determine the cubical 
expansion of a solid. (P) 

for a short interval in order to remove the gases condensed on 
the inside surface of the glass. 

The apparent expansion of the mercury in this instrument is 
obtained in a manner exactly similar to that already explained 

(p. 68). 

It may be remarked that the weight thermometer shown in 
Fig. 44 is often used for the determination of expansions, 
instead of that described on p. 67. Some care is, however, 
required in the filling it, whilst it possesses no marked 
advantages. 


Summary. 

Density is defined as the mass of unit volume of a substance. 

Thermal Expansion of a Hollow Vessel. — When a hollow 
vessel is heated, the increase in the enclosed volume is equal to that 
which a solid body, made of the same material as the walls of the vessel, 
and possessing a volume equal to that initially enclosed, would experience 
in similar circum.stances. 

The Coefficient of Apparent Expansion of a liquid is equal to 
the coefficient of absolute expansion of the liquid diminished by the 
coefficient of cubical expansion of the substance of which the enclosing 
vessel is composed. 

The Coefficient of Absolute Expansion of Mercury was deter- 
mined by Regnault by balancing a rrdumn of hot ipercury against a 
column of cold mercury. 
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The Coefficient of Apparent Expansion of a liquid may be 
determined — 

(1) By weighing a vessel filled with the liquid at two different tem- 
peratures. 

(2) By weighing a body in air, and then when immersed in the 
given liquid at two different temperatures. 

(3) By observing the height to which a liquid rises in the tube of a 
thermometer-shaped vessel when the whole is heated. 

From these observations the coefficient of absolute expansion of the 
liquid ^an be determined if the coefficient of cubical expansion of the 
sul^Stance of which the vessel is composed is known. 

The Temperature of Maximum Density of Water is 4°C. 

The Coefficient of Cubical Expansion of a Solid Rod can be 
determined by enclosing it in a weight thermometer (or dilatomcter) 
filled with mercur}% and determining the apparent expansion of the 
latter substance. 

When ice is cooled below 0° C. it contracts, and expands again on 
heating until melting commences. 

When water is cooled below o^C., under such conditions that solidi- 
fication does not occur, it expands as lower temperatures are reached. 

Questions on Chapter IV. 

(1) Describe a method of determining the absolute expansion of 
mercury. 

(2) Explain how to make a weight thermometer. If the coefficient of 

relative expansion of mercury in glass be what mass of mercury 

will overflow from a weight thermometer which contains 400 grains 
of mercury at 0° C. when its temperature is raised to 100° C. 

(3) If the coefficients of cubical expansion of glass and mercury are 
0*000025 and 0*00018 respectively, what fraction of the whole volume 
of a glass vessel should be filled with mercury in order that the volume 
of the empty part should remain constant when the glass and mercury 
are heated to the same temperature ? 

(4) How may the absolute expansion of any non-volatile liquid be 
directly determined ? Explain why the balancing of a hot against a cold 
column eliminates the expansion of the vessel. If the cold column at 4® C. 
were 60 cms. high, and the hot column at 95® C. were ^ cm. higher, 
what would be the absolute coefficient of cubical expansion of the 
liquid f 

(5) Describe the process of determining the coefficient of expansion 
of a liquid, like alcohol or paraffin, remembering the necessary pre- 
liminary determination of the expansibility of the glass vessel employed. 
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(6) How can the absolute expansion (a) of mercury, (/^) of any other 
liquid, be determined ? 

(7) Describe an experiment which proves that the density of water is 
greatest at about 4® Centigrade. 

(8) Describe a method by which you could find accurately the cubical 
expansion of a li(]uid relative to glass. 

(9) How may the absolute expansion of mercury be determined ? 

(10) Show how far the statement, that the coefficient of apparent 
expansion of a liquid in glass is equal to the difference between the 
absolute expansibilities of glass and liquid, is a precisely accurate one ; 
and describe a method of measuring the apparent expansibility of a 
liquid in glass. 

(11) A long glass tube, with uniform capillary bore, has in it a thread 
of mercury which at o® is i metre long. At too® the thread is 16 *5 mm. 
longer. If the average coefficient of volume exp.insion of mercury is 
o ’000 1 82, w'hat is the coefficient expansion of the glass? 

(12) Find the reading of a mercury thermometer if the bulb and stem 
up to the zero graduation are exposed to a temperature of 300° C. while 
the remainder of the stem is at 20° C., assuming the coefficients of 
cubical expansion of mercury and glass to be 0*0001 80 and 0*000030 
respectively. 


Practical. 

(1) Find the expansion of water between the temperature of the 
room and 80® C. 

(2) Determine the expansion of water between two temperatures by 
weighing in it a solid of given expansion. 

(3) Find the expansion of water l)etween the temperature of the 
room and 50® C. given the expansion of glass. 

(4) Blow a bulb on a glass tulxj of small bore, and measure the 
cajxicity of the same and that of each cm. length of the stem. 

(5) Determine the coefficient of expansion of paraffin oil. 

(6) Measure the coefficient of expansion of a liquid by a weighing 
method. 
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ELASTICITY AND THERMAL EXPANSION OF OASES 

Relation between the Volume and the Pressure 
of a Gas. — The V'olume which a gas occupies depends, not 
only on its temperature, but also, and to an equal degree, on 
the pressure to which it is subjected. Hence before attempting 
to determine the laws governing the thermal expansion of gases, 
we must study the variation in volume of a gas when the pressure 
to which it is subjected is altered. 

Fig. 45 represents an arrangement which may be used to 
study the relation between the volume and pressure of a gas. 

AR is a hundred c.c. burette, furnished with a stopcock at 
A, and drawn out at B, so as to fit into a piece of indiarubber 
pressure tubing. A drying tube D, filled with large pieces of 
calcium chloride, is connected above the stopcock by means 
of a piece of ordinary indiarubber tubing. 

The pressure tubing, joined at one end to B, is connected 
at its other end C with a glass tube, which in its turn fits tightly 
in a hole bored in an indiarubber stopper, closing the lower 
orifice of a mercury reservoir R. A bent side tube G is fused 
on to the tube just mentioned ; the vertical portion of this side 
tube is placed in front of a centimetre scale, so that the height 
of the mercury in the reservoir may be accurately indicated. 

The reservoir R is made from a wide-mouthed bottle of about 
120 c.cs. capacity, in which a small hole has been drilled at H. 
Mercury can be introduced through this hole by means of a 
funnel with a bent tube. 

The hole in the bottle may be bored by the help of a file which 
has been ground at one end to a three-cornered p> ramidal point, 
and then hardened by being raised to a white heat and plunged 




FiG> 45. I'M 'H i' 1 iiiiiiiiik; Uu w i.iin i) hclwccii l!ic 
iuid volume of a gas, ai constant temperature. 
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into cold water. If the boring point is occasionally dipped in 
turpentine, the hole can be quite easily bored by hand in a few 
minutes without any sort of drilling appliance. Indeed, if the 
latter is used, some care is requisite to prevent a fracture of the 
bottle when the hole is nearly completed. 

The reservoir is attached to a sliding panel capable of a 
vertical motion. It may be maintained in any particular position 
by means of a string passing over pulleys near the top of the 
apparatus. 

The pressure tubing must be carefully bound with copper wire 
at B and C, in order to prevent its slipping off the glass tubes 
over which it has been pushed at these points. 

The stand carrying the above experimental arrangement 
should be provided at its base with a deep wooden tray to catch 
any mercury which may be accidentally spilt. 

To determine the Relation between the Pressure 
and Volume of Dry Air. — The operations to be performed 
may conveniently be classified as follows : — 

Ex PT. 21. — To calibrate the burette. — The burette is detached from the 
tubes at its ends, removed from the stand, and after l)eing cleaned with 
strong nitric acid, is filled with water, and supported in a vertical position 
with the closed stopcock downwards. Water is then run out till the 
meniscus just coincides with the lOO c.c. graduation. 

Obtain a flat-bottomed flask, together with a watchglass which may 
be used to close the mouth of the flask during weighing. Weigh the 
watchglass and flask together, and then run water into the flask from 
the burette till the meniscus coincides with the 90 c.c. graduation. 
The flask and its contained water is then again weighed, and the above 
operation repeated for each interval of 10 c.cs. Finally, water is run oft 
just down to the stopcock, so that after weighing, the volume between 
the stopcock and any graduation of the burette can be determined. 
A curve of corrections for the various burette readings should be drawn. 

You may assume that i gram of water occupies a volume of i c.c. 

Expt. 22. — To fill the burette with dry air , — The burette having 
been carefully dried by gently heating and drawing air through it, re- 
place it on the stand, fix it firmly in position, and re-attach the tubing. 
Pour clean dry mercury into the re.servoir by the help of a suitable 
funnel. Care must be taken to remove any air which may have become 
entangled in the mercury in the pressure j tubing. 

The stopcock A (which .should previously have been slightly greased) 
beine opened, raise the reservoir R till the mercury almost reaches 
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to the stopcock. If the reservoir is then slowly lowered, the air drawn 
into the burette will be dried l)y passing over the calcium chloride. 

Bind a thermometer T on to the burette by means of some 
thin copper wire. After a few minutes reaej, the thermometer, and 
observe the l)arometric pressure. When both of these are recorded, 
close the stopcock and carefully bind it in position by copper wire. 
The burette reading of the mercury surface having l)een recorded, you 
know the volume of dry air (at a known temperature, and subjected to 
the observed atmospheric pressure) which is contained above the 
piercury surface in the burette. 

E.xpt. 23. — To subject the air contained in the burette to various 
pressures . — This can be done by raising the reservoir to various heights. 
If we measure the pressures in centimetres oQ mercury, the pressure to 
which the air contained in the burette is subjected at any instant is 
equal to P, the barometric pressure (measured in cms. of mercury), plus 
the difference in level, in cms., between the surface of the mercury in 
the reservoir and of that in the burette. 

The reservoir must be raised or lowered slowly, since the temperature 
of the air in the burette will be altered by any sudden compression or 
expansion. The readings to be taken at the present stage are : — 

(i.) The burette graduation which corresponds to the surface of the 
contained mercury. (2.) The position of the mercury surface in the 
reservoir ; this is obtained by noting the division on the centimetre scale 
which corresponds to the meniscus t)f the mercury on the gauge tube. 
Make out a table in your observation book similar to the following — 

Temperature of air = 

Barometric pressure (in cms. of mercury) = ... 


Mercury 
surface in 
Burette. 

Mercury 
surface in 
gauge tube, 
stopcock 
open. 

Mercury 
surface in 
gauge tube, 
stopcock 
closet!. 

Head 

of 

Mercury. 

Total 

pressure 

(/). 

Volume 
of air 
contained 
in Burette 
(t-). 

pz>. 






! 

^ i 
j 

i 

1 i 

! 

t 

( 

1 


You can now fill in columns i and 3 as your observations are made. 
After the reservoir has been raised as high as possible, readings 
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having been taken for each*successive increment of 20 cnis. in its elevation, 
similar readings must be taken as the reservoir is lowered. 

Expt. 24. — To find the head of mercury. — When the above readings 
have been finished, and columns i and 3 completely filled up, open the 
stopcock at the top of the burette, and raise the reservoir so that the 
mercury surface in the burette successively occupies the exact positions 
which you have registered in column i. Read off the corres|H)nding 
positions of the mercury surface in the gauge tulx.‘. Since the burette 
is open to the atmosphere, the pressure at both mercury surfaces must 
be equal, and therefore both are exactly level. Record the readings 
which you thus take in column 2. 

It is obvious that the difference between corresponding values 
in columns 3 and 2 will give the head of mercury, to the pressure 
of which, in addition to that of the atmosphere, a volume of 
air V (determined from the corresponding reading in column i, 
together with the previously constructed correction curves) is 
subjected. The total pressure, is obtained by adding the 
barometric pressure, P, to the head of mercury. The remain- 
ing columns in the table can now, therefore, be filled in, the last 
column being obtained by multiplying the volume of the air in 
each instance by the total pressure to which it is subjected. 

It will be noticed that the values in the last column agree to 
within an amount comparable with the magnitude of the 
unavoidable experimental errors. 

Hence, at a constant temperature, the product of 
the volume of a given mass of gas, into the pressure 
to which it is subjected, remains constant 8ts the 
pressure and volume are varied. 

This is the celebrated generalisation known as Boyle’s Law. 
It may also be written 

pv — K. 

Take a piece of squared paper, and plot a curve exhibiting the 
relation between p and v. It is customary to plot the values of 
V horizontally (as abscissae) and the corresponding values of p 
vertically (as ordinates). The student should accustom himself 
to this convention as soon as possible, as its disregard may 
sometimes lead to misapprehensions. 

ACD, Fig. 46, is a graphical representation of the equation 

pv — K. 
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'Thus, let us suppose that we start with a volume v of a gas 
equal to 5, using any arbitrary unit of volume, and that the 
pressure to which this gas is for the time subjected is also equal 
to 5, in arbitrary units. Then the condition of the gas is represented 
by the point C. If now the volume of the gas is reduced to 2*5, 
the pressure will be increased to 10. 

The curve represented in Fig. 46 is called by mathematicians 
a Rectangular Hyperbola. 

. Isothermal. — According to the conventions previously ex- 
plained, the relation between the pressure and the volume of 
a given mass of gas maintained 
at a constant temperature may 
be represented to a first approxi- 
mation by a curve such as 
ACD, Fig. 46. Such a curve 
is called an isothermal of the 
gas. It may be as well to state 
here, what will be discussed 
more fully at a later period, that 
no gas exactly obeys Boyle’s 
Law'. The so-called permanent 
gases, such as hydrogen, helium, 
nitrogen, oxygen, &c., obey 
Boyle’s Law’ very approxi- 
mately at ordinary temperatures, whilst a certain amount of 
divergence may be noted in the case of carbonic acid and sul- 
phurous acid gases under similar conditions. As a general 
rule, it may be stated that the higher the temperature of a^jas is, 
the more nearly will it obey Boyle’s Law. 

Perfect Gas. — A gas which obeys Boyle’s Law is termed a 
perfect gas. From what has already been said, it will be seen 
that actual gases can only be considered as approximating more 
or less closely to the properties of a perfect gas. 

Pure dry atmospheric air, oxygen, nitrogen, and hydrogen 
obey Boyle’s law' very closely at ordinary temperatures provided 
that the pressure varies only.by .a few atmospheres ; hence they 
may be considered to be perfect gases. When one of these 
gases is enclosed in a vessel, and the temperature of the gas is 
raised, its pressure remaining constant, the volume of the gas 
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increases. Let the initial temperature of the gas be o' C. {t.e., the 
temperature of melting ice), and let its volume at this tempera- 
ture be equal to V. While the pressure is maintained constant, 
let the temperature be raised to loo^ C. (t.e., the temperature of 
water boiling under standard conditions), and let v be the con- 
sequent increase in the volume of gas. Then, since one cubic 
centimetre at o° will obviously expand by the same amount as any 
other cubic centimetre, '<7 will be proportional to V, and therefore 
T/JV will be a constant ; if this is divided by loo (/>., the rise 
in temperature), we obtain the increase in volume of 

each unit volume at C. per 
degree rise of temperature, 
when the pressure is kept 
constant. This quantity is called 
the coefficient of expansion 
of the gas at constant pres- 
sure. 

Expt. 25. — To determine the co- 
efficient of expansion of air at constant 
pressure. 

The essential details of the appar- 
atus ^ required for this experiment are 
represented diagrammatically in Fig. 
47. One limb of a U-tube, closed 
above with a stop-cock, comprises a 
bulb, A, of 27 c.c. capacity, a lower 
bulb, B, of 9 c.c. capacity, and a 
tubular portion graduated in c.cs. ; the 
other limb, C, is tubular. Both limbs 
have corresponding gradu- 
ations, as represented in the 
diagram. The stop-cock 
must be lubricated with a 
little burnt black or white 
(not red) rubber ; this is llu- 
only lubricant that will stand 
the temperature of boiling 
water. The U-tube has a 
T-joinl at D, which is connected by means of flexible pressure tubing 

I 'I’his .'ipparatns, mounted on a suitable stand, can be obtained from the West 
liondot) Scientific Apparatus Co., Premier Place, Putney, S.W. 





Fig. 47. — Apparatus for determining the co- 
i-:nt of expansion of a gas at constant 
me. 
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with ;i i^lass tune, E. The U-tuhe is surrounded I)y a j^lass vessel 
which can he filled with water, to act as a constant temperature hath. 

The stop-cock above A being opene<l, mercury' is poured into E till it 
rises in both limbs of the U-tube. The stand carrying the apparatus 
(not shown in Fig. 47) is provided with levelling screws ; these are 
adjusted until the mercury stands at corresponding graduations in the 
two limbs. Subsequently, whenever the mercury stands at correspond- 
ing graduations in the two limbs, the pressure of the air in A will be 
e(|ual to the atmospheric pressure. The tube E is next lowered till 
the mercury just forms a seal at the bottom of the U ; by the aid of a 
bicycle pump air is pumped for some time through a drying tube 
containing calcium chloride and soda lime, and then through the bulbs 
A and P, escaping past the mercury seal into the tube C. Next, remove 
the pump, but leave the drying tube connected with the bulb A. Raise 
E till the mercury stands at the graduation l>etween the two bulbs A and 
B, add plenty of ice to the water in the bath, and, when the whole has 
reached the temperature of melting ice, close the stop cock above A. 
Twenty-seven c.cs. of pure dry air at 0° C. have now Ix'en enclosed at 
atmospheric pressure ; hence V = 27 c.cs. 

Remove the unmelted ice, syphon off the cold water, and fill the bath 
with boiling water. In order to keep the water Iwiling, blow steam 
through it by means of a rubber tube the end of which dips down nearly 
to the bottom of the bath. When the bubbles of steam rise through 
the water without collapsing, the water is at its boiling point. Next 
lower E till the mercury stands at corres|X)nding graduations in the two 
limbs of the U-tube; the enclosed air is now .at atmospheric pressure, 
and the increase in its volume can be accurately read off from the 
graduation below B at which the mercury stands. This gives us v. 
Hence, determine the value 7'/iooV. 

The following corrections may be applied : 

(rt) Read the barometer, and use the true Ixnling point of water under 
the observed pressure, in place of 100® (see p. 27). 

{b) Apjily a correction for the expansion of the glass vessel. 

Using this apparatus, the value obtained for the coefficient of expansion 
of air at constant volume should not differ by more than alx)ut i per 
cent, from 1/273. Other perfect gases can be used in place of air, and 
these all will lx; found to have the same coefficient of expansion. 

We can now determine some valuable relations by the 
aid of F'ig. 48. In this we may suppose that the curve 
ABC represents the relation between the pressure and 
volume of a certain quantity of air when maintained at the 

H 
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temperature of melting ice. Let us suppose that the volumes 
are measured in c.cs., and the pressures in any arl)itrary units. 
Then we see that when subjected to a pressure 20, the air 
occupied a volume of 20 c.cs. The increase in volume of i c.c. 
of air, when heated, under constant pressure, from the tempera- 
ture of melting ice to that of boiling water, has already 
been determined. Hence we can calculate the increase in 
volume of 20 c.cs. under the same conditions. You may assume 
for the present that the increase in volume occurring when a gas 



Volume — ■ 

Fig. 48. — Isothermal of a perfect ga.s. 


is heated, is independent of the value of the constant pressure to 
which it is subjected. 

Now a horizontal line drawn through 20 will obviously repre- 
sent all the points on Fig. 48 for which the pressure is constant 
and equal to 20. If, therefore, we mark ofif along this line a 
distance CC' equal to the increment in volume of 20 c.cs. of air 
when heated from the temperature of melting ice to that of 
boiling water, C will be a point on the isothermal for the air, at 
a temperature which we may define as loo'^ C. This isothermal 
may be drawn in the same way as the first one, remembering 
that the volume of the air multiplied by the pressure to which it 
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is subjected remains constant. We now have an isothermal for 
air at the temperature of melting ice (o' C.) and one for air at 
the boiling point of water (100' C.). We can divide the distance 
CC' into 100 equal parts, and if the diagram had been drawn on 
a larger scale we might have drawn isothermals through each of 
these points. Then, if we number these isothermals consecu- 
tively as d\ i'’, 2°, 3° . . . . 99°, 100°, we have the following 
method of measuring temperature. 

A quantity of air is taken at O' C., and the increase 
in its volume, when it is heated at constant pressure 
to 100’ O., is noted. Call this increment S. If this 
air is found at any subsequent period to occupy a 
volume greater by n- than its initial volume at O’, 
the pressure being equal to that at the beginning of 
the experiment, then the temperature is equal to 

/x X 100 \ 

V s ) 

It will have been noted that, in the experiment last described, 
a mercury thermometer was not used. This was arranged 
intentionally, since, as previously pointed out, the most reliable 
method of measuring temperature is in terms of the expansion 
of gases. We have now arrived at a method of measuring 
temperature which is quite independent of the use of a mercury 
thermometer. 

In obtaining the boiling point of an air thermometer, similar 
precautions and corrections to those already described in con- 
nection with a mercury thermometer are necessary. 

General Equations to the Isothermals of a Perfect 
Gas.— Let 

pv = K 

be the equation to the isothermal of a perfect gas at o'’ C. 

Let us suppose that a particular volume of gas at a tem- 
perature o” C., and a pressure /j, is heated to 100° C., the pressure 
meanwhile remaining constant. Let the consequent increase 
in volume of the gas be denoted by Then as long as the 
temperature of the gas remains at 100°, the product of its volume 
into the corresponding pressure will remain constant, and equal 
to {vi + Hence, if Vy now denote any corresponding 

H 2 
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values of the pressure and volume of this quantity of gas at loo'^, 
we have 

Pv = A + -■). 

Let -La _ looa, so that a represents the increase in volume of 

7/i 

1 c.c. of gas, when heated from o' to L C., or of the increase 

too 

in volume of i c.c. of the gas when heated from o' to loo C. 
Then i + — r i + ioo(t. 

Also P^\ = 'f- 

pv ~ piV^ (l -f- IOO«) = >c(l + lOOa). 

If the temperature had been f C. instead of ioo° C., would 
have been increased by v'^ where 



7^1 

Hence the equation, to the isothermal to the gas at f C., is 

pv = <c ( I + af). 

You have already obtained a value for a. As the result of 
experiments to be presently described, Regnault found « to be 

equal to or '003665. 

273 

a IS termed the coejjicient of expansion of a gas at constant 
pressure. 

Increase in pressure of a gas, the volume of which 
is maintained constant whilst its temperature is 
raised. 

Referring to Fig. 48, it will be seen that the line QQ" is equal 
in length to CC'. Now since the gas at C is at a temperature 
of o'’ C., whilst at C" it is at icd' C., the volume in both cases 
being equal to 20, CC" represents the increase in pressure of the 
gas when heated from o’ to 100’ C., the volume remaining 
constant. 

Let us take any other point on the zero isothermal, B for 
instance, corresponding to a volume I3'3 and a pressure 30. 
Then BB' = 4'.9, BB" =11. 
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Then, increase in volume of i c.c. of gas at o" C., when heated 

to I oo'’ under a constant pressure 30, = ^ = '36. 

^ ^ ^ <3 3 

Also, the ratio of the increase of pressure, 1 1, to the initial pres- 
sure, 30, when the gas is heated from o' to loo'^ C. = -ii = *36. 

30 

If a given quantity of a gas is heated from O' to 1 C., 
its volume remaining constant, then the ratio of the 
increase of pressure to the initial pressure is termed 
the coefficient of increase of pressure of the gas. 

This quantity is also sometimes termed the coefficient of 
expansion of the gas at constant volume. But as the gas is, by 
the nature of the case, not allowed to expand, this term is some- 
what misleading. It is best to use the term given above, or the 
simple contraction “ pressure coefficient of the gas.” 

In the case of a perfect gas, the pressure coefficient 
is numerically equal to the coefficient of expansion 
at constant pressure. 

We have just found this to be the case from measurements 
made on the isothermals given in Fig. 48. It will now be 
shown that this is so, from the equations to these isothcrmals. 
We have seen that if 

pv = K 

is the equation to the o'^ C. isothermal of a gas, then the /' C. 
isothermal will be represented by the equation 

pv = k(i + a/) 

where a is the coefficient of expansion at constant pressure. 

If we take a volume tq of a gas, subjected to a pressure at 
D^C.y and raise its temperature to loo'^C., its pressure being in- 
creased by/.,, in order to maintain its volume constant, then we 
shall have the 100^ isothermal represented by 

pv=(Pi +/ 2 )? a ( i + 

i^et = 100/3, where is the pressure coefficient of the gas, 
as previously defined.. Then since 

/i7q = #f, 

we have for the equation of the 100^ isothermal 

pv — k(i 4- 100/3). 
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Similarly, the f C. isothermal will be represented by 

pv = K ( I + ^f). 

But we have already found the f C. isothermal to be repre- 
sented by 

pv = .V ( I 4- at), 

a — fi. 

/>., the coefficient of expansion of a perfect gas at constant 
pressure is equal to the pressure coefficient of that gas. 

Volume of a Gas when cooled below O’ C.- In accord- 
ance with the method of measuring temperature which we have 
adopted, a cubic centimetre of gas, if cooled to - C., its pres- 

sure remaining constant, would have its volume decreased by «, or 

c.c. If cooled to — 2’ C. under similar conditions, its volume 

273 

would be decreased by c.cs. Similarly, ifcooled to ~ 273° C., 

273 

its volume would be decreased by --t-?- = i c.c. ; /.c., its volume 

273 

would be diminished to zero. Passing over, for the moment, the 
difficulty of conceiving that anything should be capable of being 
reduced to occupy no space, we can at least agree that no 
further diminution of volume could occur through cooling. 

Absolute Zero of Temperature.-— For the reasons just 
mentioned, — 273° C. is termed the absolute zero of temperature. 
In spite of the difficulties which underlie this reasoning, we must 
adopt, for the present, the results arrived at. A satisfactory 
justification of our procedure will be forthcoming when we come 
to study the kinetic theory of gases (Chap. XIII.). 

Absolute Temperature. — The absolute temperature of 
any body is its temperature measured from the absolute zero. 
Thus a temperature of 50° C. is equivalent .to an absolute tem- 
perature of 50 4- 273 =- 323°, and, generally, the absolute 
temperature is obtained by adding 273° to the ordinary centi- 
grade temperature. 

Of course, the absolute zero could be expressed in terms of 
Fahrenheit degrees, and the absolute temperature of anything 
rould thus be given in terms of the same unit. 

To express the equation of the Isothermals of a 
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Perfect Gajs in terms of its absolute temperature. — 

As previously shown, the isothermals of a perfect gas are repre- 
sented by the equation 




K 


(273 + 4 


Further, 273 + / is equal to the absolute temperature of the 


gas. Let 273 + / — T ; then since 


273 


is a constant, which we 


may denote by R, we have the following simple expression for 
the isothermals of a perfect gas : — 

pv - R'P. 


It may be well here to work a few examples relative to the 
expansion of gases. 

Example. — i. A certain quantity of gas occupies a volume of 
500 c.cs. at 1 5^ C. under atmospheric pressure. What volume 
will it occupy at 200" C. under the same pressure ? 

Let* p represent the atmospheric pressure. Then, since the 
initial and final temperatures, when measured from the absolute 
zero, are respectively equal to 273 -f 15 = 288 and 273 -4- 200 
= 473j we have, if v equals the final volume which we are 
required to determine 


p X 500 = R X 288. 

. R ^ 5TO. 

' ' p 288 


p 7 / = R X 473. 


.-. 7/ = 473 X ^ = 473 X = 821 C.CS. 

The student is particularly warned against at- 
tempting to obtain the solution of problems such 
as the above by multiplying the initial volume by 
{i -F a(/2 - /i)l where and /g are the initial and final tempera- 
tures of the gas ; unless, indeed, the initial temperature is zero. 
The value obtained as a solution of the above problem, when 
this latter method is used, is equal to 839 c.cs., which differs 
considerably from the correct value. 

2. A certain quantity of gas occupies a volume of 300 c.cs. at 
25'^ C,, under atmospheric pressure. At what temperature will 
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the same gas occupy a volume of 200 c.cs. under an ecjual 
pressure ? 

p X 300 = R(273 + 25) = R X 298. 

R 300 

p X 200 = RT. 

T = 200 X ^-= 200 X = 198*6. 

R 300 

Hence the absolute temperature required is 198 6'’, which 
corresponds to 198' 6 — 273 = — 74'4'^.C. 

3. A quantity of gas, collected in a graduated vessel over 
mercury, is observed to occupy 215 c.cs. The surface of the 
mercury inside the containing vessel stands 3*5 cms. above that 
of the surrounding mercury. The temperature of the room is 
20' C., and the barometric pressure is equal to 758 mm. What 
volume would the collected gas occupy at 0° C. when subjected 
to a normal pressure of 760 mm. of mercury ? 

Pressure to which gas is subjected =75’8 — 3*5 =72*3 cm. 
of mercury. 

Volume of gas, under above pressure, and at 20° C. — 215 c.cs. 

Absolute temperature of gas — 273 4- 20 ~ 293. 

Substituting in equation 

pv ^ RT, 

we have 72*3 x 215 = R x 293. 


.*. R = 72*3 X 


2t5. 


Under the conditions subsequently specified 
p = 76*0, 7/ = ? T = 273. 

76 0 X 7/ = R X 273. 

.*. 7/ = ^ ^ _ 273 ^ 72:3 X 215 

76*0 760 293 


= 190 c.cs. 

Further problems will be found at the end of the chapter. 

Expt. 26. — 'I'o deteyniine the pressure eocfficient of a — In 
order to determine tlie pressure coefficient of a gas, it is necessary 
to enclose a rpiantily of pure dry gas at the temperature of melting ice 
and at a known pressure, P, and then to observe the increase of 
pressure p which must be applietl to the gas in order that its volume 
may remain unchanged when the temperature rises to that of Ixjiling 
water , 100“ if the atmospheric pres.sure is nfjrmal). Then the 
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pressure coetlicieiU is e<|ual to pfioo P. Since the pressures occur only 
in the form of a ratio, the value of the pressure coefificient will lx; the 
same whatever unit may be use<l in measuring P and /, provided that 
both these quantities are measured in terms of the same unit. It 
is most convenient to measure P and p in centimetres or millimetres of 
mercury, and to arrange that P is equal to the barometric pressure. 

A piece of apparatus^ for measuring the ]>ressure coefficient of a gas 
is represented in Fig. 49. A cylindrical bulb, A, of about 200 c.cs. 
capacity is closed above with a stop- 
cock, and connected below by means of 
flexible pressure tubing with a movable 
tube, C. The stop-cock must be lubri- 
cated with a little burnt black or white 
(not red) rubber. 

To commence an experiment, pour a 
very small (juantily of mercury into C, 
so tliat it just forms a seal at the lower 
part of the pressure tul)e. Ojxin the 
stop-cotfk and force air (or the gas to lx; 
experimented with) through A after it 
lias traversed a dr\ ing tube containing 
calcium chloride and soda lime. While 
the drying tube is still connected with 
the bulb, pour more mercury into 
and raise C till the mercury stands at a 
mark B in the glass tulx’ below A. 

Next jilace water and plenty of ice in 
the bath surrounding .A, stir well, and 
finally close the stt>p-cock above A. 

A volume of pure dry air at 0° C. ami 
at atmospheric pressure has now been 
enclosetl. Read the barometer, and 
thus obtain P. 'I'he cursor I) should 
be adjusted until its lower edge just 
coincides with the surface of the mer- 
cury in the tube C, and the corre- 
sponding reading on the scale at the sule of C should be observed. 

Next raise the tube C until the mercury rises well within the bulb A ; 
this is <lone in «>rder that, when the temperature of the bath is raised, 
the air shall mit be able to expantl into the rubber tulx; which connects 
A with C. 

Remove the ice,, syphon off the cold water from the l>ath, and fill the 

• I Ills nppar.il us, mounted on a suitable' stand, can be obtained from the 
West London Scioiilific Apporattis Co., Premier Place, Putney, S.W. 
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latter with boiling water. Keep the water boiling by blowing steam 
through it ; when the bubbles of steam rise without collapsing, the 
water is at its boiling point. When this condition is attained, 
adjust C until the mercury stands at the mark li as before ; then, by 
the aid of the cursor D, observe the reading corresponding to the 
mercury surface in C ; subtracting from this the scale reading j)reviously 
ol)served, we obtain the value of the increase of pressure p. 

The following corrections may be applied : — 

(rt) The mercury in the tube Ijelow A, l>eing hotter than that in the 
tube C, will be less dense. Error due to ‘tins cause may be eliminated 
by finally taking the reading of the mercury surface in C when the 
stop cock is open and the water in the bath is boiling, and using this 
instead oflhc scale reading obtained before the bath was heated. 

(/>) Find the true temperature at whicli water boils under the 
observed barometric pressure (p. 27). 

(r) Allow' for the expansion of the glass vessel. 

Let V be the (unknown) volume of the vessel at o” ; then at icxd” C. 
the volume will be V(i + 100 i,’'), where is the coefficient of expansion 
of the glass. Thus at 100' C, the volume of the gas was V(i + 100,1,’), 
and its pressure was V \ p. In or<ler to reduce its volume to the initial 
value V, sotnc slightly higher pressure V+p' would lie necessary; and 
by Boyle’s law 

(P+/)V(i + ioqi,-^) = ( 1 M/)V, 

. ♦. (P-f/)(H- lOO'*-) rr p+/, 

and p'. = loq^P +/>( i 4- icxti;’-), 

. * . True pressure coefficient 

= / _ ^ /(I 4 - 100 ,^)^ 

loop * lOOP 

Determination of the pressure coeflBcient of a Gas. 
— Regnault’s Experiments. — A bulb A, P ig. 50, was con- 
nected by means of a narrow tube BE with the wide vertical 
tube FH. This latter tube was put in connection with another 
vertical tube, JI, by means of the metal connection HI, possess- 
ing a stop-cock K, by which the interior of both tubes could be 
put in connection with the external air. The bulb A, which had 
a capacity of about 700 c.cs., was first carefully dried, and then,' 
while surrounded by melting ice, was filled with the dry gas to 
be experimented on. Mercury was poured into the tube JI 
at J, till the surface stood at a in the tiibc FH, the surface in JI 
being on the same level, since the side tube Cp afforded a means 
of communication with the external air. The height of these 
surfaces was read by means of a cathetometer. This instru^ 
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mcnt consists of a telescope provided with cross-wires in the eye- 
piece, and mounted on a vertical pillar (Fig. 51). The telescope 
can be raised or lowered, whilst its axis remains horizontal. 
It was initially adjusted, so that the images of the mercury 



Flc:. 5a-- Repurwilt’s constant volume air thermometer, (P.) 

surface coincided with the intersection of the cross wires. Any 
subsequent change of level of the mercury surfaces could be 
exactly measured by raising or lowering the telescope till the 
image of the mercury surface again coincided with the cross 
wires, and observing the vertical distance through which the 
telescope had beep moved. 
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The tiil)c C P was then scaled 

off at P. A certain quantity of 

dry qas, at a temperature of C., 

and at atmospheric pressure, was 

thus contained in the apparatus. 

The l)ulb A was then heated 

in a steam jacket, mercury being 
I * 

poured into the tul>e JI so as to 

always keep the surface in FH 

A,-v . ‘'it its initial position a. When it 

; r was seen that no further addition 

'I ^'3 i- -5*' J"--- r » ; 

of mercury was necessary, the 
, . heiglit of the surface in J I, (which 

stootl at y,) was read by means 
of a catlictometer ( Fig. 51). 

V Let (3 be the pressure co- 

efficient of the gas. Then if 
denotes the initial volume of 
the gas, P being the barometric 
I' , pressuremeasured in centimetres 

: . of mercury, and the heiglit of ^ 

above a is taken as p cms., we 
hnvo 

P^T = K. 


(P + p) 7 ^i = K(l + IOO^). 
P 7 /| 


I + K(i + ioo 3 ). 


K(i -f 100,6). 

= 100,6. 

/> . 

1 00 1 ‘ 


FA'pennu'Mt s w ere 
.ilso made wlu'u the 
initial pres.siire was 
('idler ' -renter or less 


than the atmos])heric 


t'lG. 51 . — Cathetometer. 


pressure. 
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In the above reasoning we have neglected two points which 
must be taken into account for accuiale work. 

1. The temperature of the air in the bulb A is slightly different 
from that of the air in the connecting tube BE and the top of 
the vertical tube Ea. Only a small error is introduced on this 
account, since the volume of air in A is relatively large in com- 
parison with that in BE and Ea. 

2. The glass bulb expands when heated. As, however, the 

expansion of glass is less than of that of the air, this 

necessitates only a relatively small correction. 

Jolly’s Apparatus. — Some inconvenience is occasioned 
when using Regnault’s air thermometer by the necessity of 


pouring mercury into the tube 
JI, or removing it by means 
of the stop-cock K (Fig. 50). 
In Jolly’s thermometer, these 
inconveniences are overcome 
by connecting the tubes BD 
and FX (Fig. 52) by means or 
a piece of indiarubber pres- 
sure tubing. The mercury 
surface can be maintained 
at B, w'hatevcr may be the 
temperature of the air in A, 
by simply raising or lowering 
the tube EC. 

The Expansion of 
Gases under Constant 
Pressure. Regnault’s 
Apparatus. — Whenever 
the mercury surfaces in the 
tubes FH and Jl, Fig. 50, 
are level with each other, 
the pressure of the air con- 
tained in A is equal to the 
atmospheric pressure. 

If the mercury surfaces are 
level when the bulb A is sur- 
rounded by melting ice, then 
surface in F'H will be forced < 



as the air in A is heated, the 
ownw'ards, whilst that in J 1 will 
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be raised. In order to keep the surfaces level with each other, 
mercury must be drawn off from K. 

It follows that the whole of the air will no longer be contained 

by A ; part of it has expanded 
into the tube FH, and the in- 
crease of volume can therefore 
be directly observed. 

It is most important that the 
temperature of the air in FH 
should be .accurately known. 
In order to accomplish this the 
two tubes containing the mer- 
cury were entirely surrounded 
by a water bath (Fig. 53). 

Regnault considered the re- 
sults given by this apparatus to 
be less trustworthy than those 
obtained by the use of the con- 
stant volume apparatus. 

Gas Laws. — The results of 
Regnault’s experiments were as 
follows : — 

I. All perm.anent gases, such 
as oxygen, nitrogen, hydrogen,, 
possess coefficients of expansion 
at constant pressure which are 
approximately, but not exactly, 

Fig. 53.— Regnault’s constant pres* equal. The mean valuc of this 
sure air thermometer. rc • 

(A bulb, similar to A, Fig. 50, was coefficient IS OO3665. 

joined on at /). (P.) 2. The Coefficient of expansion 

of a gas at constant pressure, 
is approximately, but not exactly, equal to its pressure co- 
efficient. 

3 In the case of hydrogen, the coefficient of expansion at 
constant pressure is independent of the pressure. In the case 
of other gases, the coefficient of expansion increases slightly as 
the pressure is decreased. 

4. The properties of gases, such as SO2 and CO2, approach 
more nearly to those of perfect gases, in proportion as their 
pressures are diminished and their temperatures are raised. 
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Air Thermometers. —Since Regnault’s experiments estab- 
lished the validity of the reasoning employed on pp. looand 104, 
especially as regards hydrogen, the equation to the isothermals 
of a perfect gas may be written 

pv = RT, 

where T is the absolute temperature of the gas, i.e. 273 + /" C. 

Hence, using the constant volume apparatus (Fig. the 
temperature of the contained air may be determined from an 
observation of its pressure. 

Callendar’s Compensated Constant Pressure Air 
Thermometer.— Since the gas thermometer is the ultimate 



Fig. 54.— Callendar’s compensated air thermometer. (P.) 


Standard in all temperature measurements, it is exceedingly 
important that all thermometers used in accurate research should 
be compared with it. Through neglect of this precaution much 
otherwise irreproachable experimental work has sometimes been 
rendered quite valueless. Prof. Callendar has devised the form 
of air thermometer represented diagrammatically in Fig. 54. 
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The thermometer bulb T is connected directly with the mercury 
tube M, and indirectly, through a sulphuric acid pressure gauge 
G, with the bulb S. This latter bulb is filled with dry air and is 
constantly surrounded by melting ice. The pressure in S is 
therefore constant, and is independent of the barometric pressure. 
T is placed in melting ice, and the level of the mercury in M is 
adjusted till the gauge G shows the pressure in T to be equal to 
that in S. The tube M having been graduated and calibrated, 
the temperature of the air in T, wheiv it is necessary to bring 
the mercury surface in M to any other level in order to pre- 
serve equality in the pressures of the air in T and S, may be 
calculated. 

Errors due to the unknown temperature of the air in the tube 
connecting T and M, is eliminated by placing beside it a tube 
of the same dimensions, but connected with S. 

Prof. Callendar claims that with the above form of apparatus 
a temperature as high as 450° C. can be measured to within 
tV degree, and that when the dimensions of the various parts 
are properly adjusted, the results are very trustworthy. 


Problem. Obtain a formula connecting the volume of the air in the 
mercury tulie M of CallenOar’s air thermometer with the temperature of 
the air in T. 

Let T =the absolute temperature of the air in the bulb T (Fig. 54), 

and let Vj = its volume. 

Let To( = 273)=the absolute temperature of the air above the mercury 

in M, and let = its volume. 

Let Ti = the absolute temperature of the air in the connecting tube, 

and let V3 = its volume. 

Let m =the mass of the air contained in T, M, and the connecting 

tube. 


The mercury in M is adjusted so that the air throughout the apparatus 
is all at the same pressure. 

Let p represent the density {i.e. mass of unit volume) of air at 0“ C., 
and at a pressure equal to that of the air in S ; then the air in the bulb 
T, which occupies a volume of z/j c.cs. at the temperature T, would 

occupy a volume of at an absolute temperature To (o” C. ). 


Mass of air in the bulb T 


pTo 


Vi. 
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Similarly mass of air in M = and mass of air in connecting tube 








Let z/4 — the volume of the bulb S, and 2/5 the volume of the compen- 
sating tube which lies alongside the tube connecting T and M. Then 
mass of air contained by S and compensating tul)e 


pTo(t‘ + 


If the mass of air contained by T, M and the connecting tube = 
mass of air contained by S and compensating tube, we have 


+ 

T T, 


4. ^ 

0 T, 


V. 


T 


*0 *1 

Further, if the volume contained by the connecting tul>e, is equal to 
7/5, the volume contained by the compensating tube ; and the volume 
of the li^ulb T is e(]ual to 7^4, the volume of S, we have 


t 


, 

r,'-. 1' 


V, 






To 


T = 


To 

^^iTq 

- Vc 


The student is recommended carefully to follow the above reasoning, 
as similar methods are often required in the solution of problems. 


Summary. 

Boyle’s Law. — The product of the pressure into the volume of a 
given mass of a perfect gas remains constant as long as' the tempera- 
ture of the gas is unchanged. 

The Permanent Gases — Oxygen, Hydrogen, and Nitrt^en, 
closely approximate in properties to perfect gases. 

Isotherrnals. — A curve representing the relation between the pres- 
sure and volume of a gas at a constant temperature is termed an isothermal 
curve. 

Coefficient of Expansion of a Gas at Constant Pressure. — 
The increase in volume of a quantity of gas occupying a volume i c.c. 
at o'’C., is equal to c.c. for each successive degree of temperature. 

Absolute Zero. — If a perfect gas were cooled to - 273° C. its 

I 
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volume would be reduced to nothing. Hence - 273° C. is termed the 
absolute zero of temperature. No substance can possibly be cooled 
below the absolute zero. 

Absolute Temperatures are measured from -• 273“ C., by 
adding 273 to the Centigrade temperature. 

'1 he Equation to the Isothermals of a perfect gas may be written 
po — RT, where T is the al>solute temperature. 

Pressure Coefficient. — When a gas is heated under such con- 
ditions that its volume remains constant, the ratio of the increase of 
pressure per degree Centigrade to the pressure of the gas at 0° C. is 
termed the pressure coefficient. 

The value of the pressure coefficient is approximately, but not 
exactly, equal to jfg, the coefficient of expansion of the gas at constant 
pressure. 

Air Thermometers. — The expansion of a gas at constant pressure 
may be used to measure temperature. The necessary arrangement is 
termed a constant pressure air thermometer. 

A measurement of the increase of pressure which occurs when a gas 
is heated under such conditions that its volume remains constant may 
also be used to measure temperature. The necessary arrangement is 
termed a constant volume air thermometer. 

Since the thermal expansion of a gas for a given rise of temperature 
is very great in comparison with the exjiansion of the containing vessel, 
an air thermometer is to l>e preferred above a mercury thermometer. 

All mercury thermometers should be calibrated by comparison with 
an air thermometer. 


Questions on Chapter V. 

(1) Describe the experiments you would make to prove that for a gas 
at constant temperature pv is constant, p being the pressure and v the 
volume of the gas. 

In a certain gas pv is observed to decrease slightly as the pressure 
rises. Show that the resistance to compression is less than it would be 
if Boyle’s Law held. 

(2) A barometer tube is filled with mercury up to within one inch of 
the top. After inversion the air expands and occupies 12 inches of the 
tube, and the mercury stands 27 inches in the tube above the level of 
the mercury in the trough. Find the true height of the barometer. 

(3) When the height of the barometer is 76 cms., then the volume of 
a given mass of gas at 0° C. is 50 c.c.s., and when the temperature is 
raised to 100° C. and the pressure increased by that due to 27 ‘8 cms. of 
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mercury, the volume remains unchanged ; find the coefficient of change 
of pressure with temperature of the gas. 

(4) Describe the apparatus required, and explain the mode of deter- 
mining the coefficient of increase of pressure witli change of temperature, 
of a mass of air occupying a constant volume. 

(5) Define a perfect gas. How would you prove the accuracy of the 


Pv 

statement that in a perfect gas — = constant where p is the pressure, 


V the volume, and T the al)solute temperature ? 

(6) Discuss the advantages ami disadvantages of a constant volume air 
thermometer {a) as a standard of temperature, (/») as a convenient means 
of measuring temperatures. 

(7) Describe carefully the experiments you would make to show that 
at constant volume the pressure of a given mass of gas is proportional 
to the absolute temperature. 

(8) Descril)e carefully some method of measuring very low tempera- 
tures, such as - 120' C. 

(9) How would you determine accurately the coefficient of expansion 
of a gas under constant pressure ? A gram of air is heated from 
15'" C. to 60’ C. under a pressure of 75 ^ms. of mercury. How much 
external work is done in the expansion ? 


Density of mercury = 13*6, ~ 981 cm. per second. 

(For last part of question, see Chap. XHI. ) 

(10) Describe the constant volume air thermometer. How would 
you use it to find the absolute zero of the air thermometer ? 

( 1 1 ) Why is it necessary to have a good vacuum above the mercury in a 
barometer? Show how the atmospheric pressure could be obtained even 
from a barometer with air above the mercury, if the level in the cistern 
were adjustable, and if a suitably placed thermometer were also read. 

(12) State concisely the characteristic properties of permanent gases, 
and sketch an apparatus for determining their coefficient of expansion 
at constant volume. 

(13) Describe and explain the method of using some form of air 
thermometer. 

(14) A mass of gas is warmed from 15'‘C. to7o'’C. Calculate its 
final volume if it initially occupied 1,784 c.c.s. 

(15) Describe the air thermometer and state its special advantages 
and di.sad vantages. 

Explain clearly the meaning of absolute temperature on the air 
thermometer scale. 

(16) State in words, and also in symbols, the two laws which, if a 

I 2 
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gas obeys, it is called a “ perfect gas,” and explain clearly how the 
symbols represent the same laws as the words. 

One pound of air at a temperature of o° C., and at a pressure of 
1,033 grams per sq. cm. has a volume of 0*3555 cubic metres. At 
what pressure will its volume be 403,700 c.c. if measured at a tempera- 
ture of 27” C ? 

(17) Describe a form of air thermometer, and explain what measure- 
ments you would make to determine by it the temperature of a vessel 
of hot water. Give a brief account of the corrections to be applied. 

Why is it lietter to define equal degrees of temperature I'y the air 
thermometer than by the mercury in glass thermometer ? 

(18) Describe an experiment to verify Boyle’s Law for pressures less 
than the atmospheric pressure. 

Some air is in the space above the mercury in a Ijarometer, of which 
the tube is uniform. When the mercury stands at 29 inches in the tube 
the space above the mercury is 4 inches long. The tube is then pushed 
down into the cistern, so that the space above the mercury is only 
2 inches long, and now the mercury stands at 28 inches. At what 
height would it stand in a perfect barometer ? 

(19) How may the coefficient of pres.sure increase of a gas at constant 
volume l)e determined ? 

A given volume of air is at 740 mm. pressure at I7“C. What is the 
temperature when its pressure is i, 850 mm. ? 

Practical. 

(1) A narrow tube, closed at one end, has a short column of mercury 

near the other end. Investigate the elasticity of air by holding the tube 
with the open end (i) up, (2) down, and measuring the volume of air in 
each case. Specific gravity of mercury — 13*6, = 981. 

(2) Given a long narrow tube, closed at one end, introduce a short 
column of mercury, and graduate as a l)arometer, the rea<]ings being 
correct at 0°. Give a graphical table of temperature corrections on 
section paper. 

(3) Compare a mercury and an air thermometer. 



CHAPTER VI 

CALORIMETRY— SPECIFIC HEATS OF SOLIDS AND LIQUIDS 

In the previous chapters attention has been directed to some 
of the methods available for measuring temperature, and to 
certain changes which occur in the dimensions of solids, liquids, 
and gases when their temperatures are altered. We have not 
as yet found it necessary to make any assumptions as to the 
physical conditions which determine whether a body is hot or 
cold. Starting from the observed fact that a body may be hotter 
at one time than at another, we have investigated the con- 
sequent changes of dimensions, and have finally arrived at a 
satisfactory method of measuring temperature in terms of the 
volume and pressure of a quantity of gas, or, less satisfactorily, 
in terms of the volume occupied by an arbitrary quantity of 
mercury. 

Quantity of Heat. — It now becomes necessary' to make 
certain assumptions regarding the physical conditions which 
determine the temperature of a body. The necessity of these 
assumptions will be made clearer by the performance of the 
following experiment : — 

Expt. 27. — Through a cork, selected to fit into the mouth of a 
large test-tube, bore a hole of such a size that a thermometer can just 
be pushed through it. Cut a small groove at the side of the cork, so 
as to form a channel for air to escape. Partially fill the test-tul?e with 
water, at a temperature of about 80° C., and insert the cork so that 
the thermometer bulb is immersed. 

Partially fill a beaker with water at alx^ut 1 5® C. Support a second 
thermometer with its bulb immersed in this water, in the manner 
shown in Fig. 55. Write down the temperature of the water in the 
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after a time reaches a temperature which falls very slowly. On 
the other hand the water in the beaker rises in temperature, 
rapidly at first, and then more slowly, and after a time reaches 
a temperature nearly equal to that of the water in the test-tube. 
Write down the common temperature thus attained. If the 
thermometers are observed subsequently, it will be found that 
both indicate falling temperatures which are very nearly equal, 
the thermometer in the test-tube indicating a slightly higher 
temperature than that of the water in the beaker. 

We now have observed the following facts : — 

1. Two quantities of water, when placed in close connection with 
each other, tend to acquire the same final temj^crature. The tempera- 
ture of the hot water falls, whilst that of the cold water rises. 

2. The fall in temperature of the hot water is not necessarily equal 
to the rise in temperature of the cold water. 

To explain these facts, we may assume that something has 
passed from the hot to the cold water, and that the temperature 
changes result from this transference. It is not temperature 
which has passed from one to the other, since the loss in tem- 
perature of the hot water is not necessarily equal to the gain in 
temperature of the cold water. We therefore assume that some- 
thing else, which we call Heaty has been transferred. In parting 
with heat the temperature of the hot water is lowered, whilst a 
rise of temperature of the cold water results from the heat 
communicated to it. 

It must be noticed that whereas the temperature of a body is 
directly observed, this passage of heat is only inferred. The 
value of this inference must be judged by its subsequent useful- 
ness in explaining the phenomena attending the thermal changes 
of bodies. 

We need not, at present, specify the precise nature of heat, 
further than to remark that as a body weighs no more when hot than 
when cold, heat is not a material substance. For many purposes it will 
suffice to assume heat to l)e a fluid that does not possess weight. A 
belief in the existence of this hypothetical fluid was at one time almost 
universal. The name given to it was Caioric, By assuming the exist- 
ence of this fluid, we may explain most of the phendhiena to be dis- 
cussed in this and a few ensuing chapters. 

It will, however, be found insufficient to account for many phenomena 
to be subsequently considered. The present state of our knowledge 
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leaves little room for doubt that heat is really the energy of the moving 
molecules of a substance. 

Hydrostatic Analogy. — Consider two cylindrical vessels, A, B 
(Fig. 56), joined by means of the horizontal tube CD, furnished with 
a stopcock E. Let us suppose that the stopcock E is closed, and that 
water is poured into A and B. Then if the water surface in A is at a 
higher level than that in B, water will flow from A into B when the 
stop-cock is opened, the transference continuing until the surfaces in the 



Fig. 56, — Apparatus illustrating the similarity between the 
flow of heat and the flow of water. 

two vessels are in the same horizontal plane. This transference of water 
corresponds to the assumed transference of heat when two bodies at 
different temperatures are placed in thermal communication. 

The difference in level of the two surfaces obviou.sly corre.sponds to 
the difference of temperature of the bodies con.sidered in the thermal 
[iroblem. 

It will be noticed that the avioujjt of 7 witer which passes from A to 
B depends, not alone on the initial difference of level of the surfaces, 
but also on the sectional areas of the vessels. 

Let us determine the amount of water which will flow from A into B. 

Let a = sectional area of A, in sq. cms., .so that a decrease in height 
of I cm. will correspond to a transference of a c.cs. from A into B. 

Let b — sectiomfl area of B. 

,, k = initiabdiff'erence in level of the two surfaces. 

,, X — distance through which the surface in A falls when the stop- 
cock is opened. 

,, / = distance through which the surface in B rises. 



VI 


CALORIMETRY 


I2I 


Then for the surfaces to be finally level, we have h - x ^ y. 

Also, since the water which leaves A, equal to xa c.cs., flows into 
raising the surface there through^ cms., we have 


xa ~ yb. 
xa 

X — -r- 


xa 

bh 


a + b 


Finally the volume of the water which flows from A into B 

abh 


= xa 


a ^ b' 


If a = ^, then j/ = jc, i.e.y the liquid rises as much in one vessel as 
it falls in the other. 

\[ a = 2^, then j = 2x, /.<?., the water rises twice the distance in B 
that it falls in A. 

We might call the quantities a and b the specific capacities of the 
vessels, per unit height. 


Expt. 28. — Take 100 grams of water in a beaker, and heat it to 
60° C. Pour this into a beaker containing 100 grams of cold water, 
the exact temperature of which has been noted. Determine the tem- 
perature of the mixture when it has been thoroughly stirred. This will 
be found to be midway between the temperatures of the hot and cold 
waters. 


In other words, the 100 grains of hot water has fallen in tem- 
perature just as much as the 100 grams of cold water has risen in 
temperature. Compare this result with the case of two cylinders 
of equal sectional area in the hydrostatic analogy just discussed. 

Expt. 29. — Take 200 grams of water at 60** C. and pour this into a 
beaker containing 100 grams of cold water the temperature of which 
has been previously observed. Notice that the fall in temperature of 
the hot water is now equal to half the rise of temperature of the cold 
water. 

Unit Quantity of Heat.— The above experiments lead 
us to conclude that two grams of water will give up twice as 
much heat as i gram when cooled through 1° C. ; just as twice 
as much water will flow from a vessel the sectional area or 
which is equal to 2 sq. cm., as would flow from one, the 
sectional area of which is i sq. cm., if the surface of the water 
falls through i cm. in both cases. 
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Hence we define the unit quantity of heat as that 
amount which must be supplied to 1 gram of water 
in order to raise its temperature through 1 ° C. This 
quantity of heat is called a Therm or a Gram-Calorie. 

It may be remarked that it does not necessarily follow that the 
amount of heat which will raise the temperature i gram of water from 
o'* C. to i" C., will just raise the temperature of the same mass of 
water from (say) 60'’ C. to 61° C. Experiments have shown that the 
quantities of heat required in these two cases are slightly different. 
Hence the true therm is defined as that quantity of heat which will 
raise the temperature of i gram of water from o" C. to 1° C. For ordin* 
ary purposes, however, we may consider that 100 therms are required 
to raise the temperature of i gram of water from 0° C. to 100° C. 

Specific Heat.— The quantity of heat, measured in therms, 
which will raise the temperature of i gram of a substance through 
1° C., is called the specific heat of that substance. 

Experimental Determination of Specific Heat. 
Method of Mixtures.— 

Expt. 30. — Take a piece of copper possessing a mass of about 200 
grams and weigh it ; call its mass Wj. After having tied a piece of thin 
cotton round it, so as to provide a means by which it may l>e conveni- 
ently removed, place it in a beaker of water which is kept briskly boiling 
for several minutes. 

Pour about 400 c.cs. of cold water into a thin- walled beaker which 
has been previously weighed, and weigh both together. You can find 
the mass of the water by subtraction. Place a thermometer in the 
water, and carefully note the temperature /,® C. that it indicates. Remove 
the piece of copper from the boiling water and quickly drop it into the cold 
water, moving it about so as to keep the water in circulation, and finally 
read the highest cemperature C. which the thermometer indicates. 

Now grams of water have been heated through (/g - /’j)" C. 

If I gram of water is heated through C., one therm of heat must 
have been supplied to it. 

Since Wj grams of water have been heated through (/j- C., 
«»2 X (/j- ^1) therms have been supplied to it. 

Let s = the specific heat of copper, t.e., the number of therms of 
heat which 1 gram of copper will give up in cooling through 1® C. 

The temperature of the copper has fallen through ( 100 - C. 
during the experiment. By definition i gram of copper will give 
up ^(100-/2) therms in cooling frpm iqo° to ^ 2 ° C. 
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Therefore grams of copper will give up Wis{ioo — t^ 
therms under the same conditions. The heat given up by the 
copper has been supplied to the water. Hence 

Wjj(ioo - /j) = ^2(^2 ” h)' 

■ c — ^^2(^2 ^1) 

Calorimeter. — The above experiment explains the general 
method employed in determining the specific heat of a substance. 
The vessel used to contain the water, the temperature of which 
is to be raised by the introduction of the heated substance, is 
called a Calorimeter. Glass is not a suitable substance for 
the construction of a calorimeter, since its specific heat is high, 
and a large amount of heat is thus required to raise its tem- 
perature ; whilst its thermal conductivity is low, thus entailing 
an uncertainty as to the temperature of parts not immediately 
in contact with the water. Thin sheet copper is generally used 
for the construction of calorimeters. 

Sources of Error in the above Experiment.— 

1. The temperature of the boiling water may not have been exactly 
100° C. {see Chapters VIII.). 

2. A certain amount of heat will l)e lost by the copper during 
the transference from the lx>iling to the cold water. 

3. A certain amount of hot water will be carried on the surface of the 
copper. 

4. A certain amount of heat will be lost by radiation, or heating the 
surrounding air, whilst the cold water is being warmed. 

5. No allowance has lieen made for the heat absorbed in raising the 
temperature of the calorimeter and the thermometer. 

Note. — Errors due to 2 and 3 will be diminished by taking a large 
mass of copper, preferably in the shape of a sphere. The error due to 
4 will, however, be increased by this procedure. 

Besides the above sources of error, there is the possible one 
due to imperfections in the thermometer used. Since we are 
alone concerned in such experiments as these with differences of 
temperature, this last source of error may at present be neglected. 

The way in which errors due to the above sources can be 
eliminated will be made clear by considering Regnault’s method 
of determining the specific heat of a solid. 
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Begnault’s Experiments. — Fig. 57 gives a perspective 
view of Regnault’s apparatus. 



Fio. 57. — Regnault’s apparatus for determining specific heats, (P,) 


The substance to be experimented on was supported in a small 
wire cage E, the whole being heated in a vessel C surrounded 
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by a double steam jacket OB. Thus the substance \va^ not 
wetted. A considerable time (half-an-hour or more) was required 
for the substance to become uniformly heated throughout. 

The cage was suspended in C by a fine fibre G, fiy means of 
which it could be lowered when occasion required. 

The calorimeter R could be run immediately beneath the steam 
heater C when the wooden panel P had been lifted. To avoid 
the communication of heat to the calorimeter cither by the 
boiler A or the heater C, the stand K was made hollow and filled 
with cold water. The lower part of the heating chamber C 
was closed with a double sliding shutter. When the latter was 
opened, the substance, (which had been heated in C to a tem- 
perjiture indicated by the thermometer F), was quickly lowered 
into the calorimeter, the latter being then remo\'ed and the 
panel P closed. 

In order to prevent losses due to the transference of heat 
from the calorimeter and its contents during the interval that 
elapsed between the introduction of the heated substance and 
the completion of the experiment, the calorimeter, which was 
made of thin copper, was supported in another copper vessel, 
a narrow air space being provided between the two. 

The rate of cooling of the calorimeter can also be diminished by de- 
signing it to contain a larger quantity of water. For the amount of heat 
lost per second, for a given difference of temperature between the water 
and the surrounding air, is proportional to the exposed surface, to 
the square of the dimensions of the calorimeter.’ The total quantity of 
heat which has been communicated to the calorimeter for the same 
difference of temperature is, however, proportional to the volume of the 
water, ?.(?., to the cube of the dimensions of the calorimeter. Hence 
the ratio of the heat lost per second, to the total amount of heat com- 
municated by proportional quantities of the heated substance, will vary 
inversely as the linear dimensions of the calorimeter. 

Ejlimination of Errors due to Cooling of Calorimeter. 
— Rumford’s method. — Such error as may occur when the 
above precautions are taken may be further diminished by the 
following method due to Count Rumford. A preliminary experi- 
ment is performed in order to determine the approximate rise of 
temperature. In performing the final experiment, the initial 
temperature of the calorimeter is arranged to be approximately 
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as much below the temperature of the surrounding air, as the 
final temperature will be above it. Thus during the first half of 
the interval occupied by the transference of heat to the calori- 
meter and its contents, these will be below the temperature 
of the air, and will therefore absorb heat from surrounding 
bodies. 

During the second half of the interval, the calorimeter and 
its contents will be warmer than surrounding bodies, and will 
therefore communicate heat to them.* With the arrangement 
indicated above, the heat gained in the first half will be approxi- 
mately equal to that lost during the second half of the interval. 

Water Equivalent of Calorimeter.— The mass of water 
which would require the same quantity of heat to raise its tem- 
perature through 1° C. as is required by the calorimeter for 
this purpose, is called the water equivalent of the calori- 
meter. Thus if Wo = mass of calorimeter when empty, Jq = 
specific heat of the substance of which the calorimeter is 
composed, the amount of heat necessary to raise the temperature 
of the calorimeter through C. = Wo-fo therms. This would 
raise grms. of water through i'’ C. Therefore the water 
equivalent of the calorimeter is equal to WqSq. 

If this value is added to the mass of water contained in the 
calorimeter the error due to (5) above is avoided. 

For accurate work the water equivalent of the thermometer 
and the stirrer must be found and added to that of the 
calorimeter. 

To Determine the Specific Heat of a Liquid.— 

Expt. 31.— This determination may be performed in two ways, as 
follows : — 

I. When a mass of metal of known specific heat is provided. — Place 
the liquid in the weighed calorimeter and weigh both together. Obtain 
the mass of the liquid by subtraction. Let w^ be the mass, and s 
the known specific heat of the solid provided. 

Heat the solid either in a steam jacket, when that is provided, or in 
boiling water, as previously described. Note the temperature t-^ C. of 
the liquid, and quickly transfer the heated solid to the calorimeter. 
Note the final temperature tf C. attained by the calorimeter and its 
contents. 

Let S = specific heat of liquid. 

$ = known specific heat of the solid used. 
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The heat gained by liquid = WgS 

,, lost „ solid = f (100- /j). 

.*. W2S(^2 “ a) ~ Wi^(iOO - /g). 

S = 

^2(^2 - ^i) 

2. By allowing the liquid to impart heat directly to water . — Heat a 
weighed quantity of the liquid, contained in a thin walled test-tube of large 
capacity, noting its temperature by means of a thermometer pushed 
through a hole in the cork closing the mouth of the tube {see Fig. 55 )* 

The test-tube is then immersed, as far as the surface of the contained 
liquid, in a calorimeter containing a weighed quantity of water, the 
temperature of which is indicated by a second thermometer. 

Support the test tube by means of the thermometer {see Fig. 55, p. 
1 18) and shake it gently so as to keep the contained liquid, as well as 
the water in the calorimeter, in circulation. Note the fall in the tem- 
perature of the liquid, and the corresponding rise in the temperature of 
the water, after a few minutes. Equate the heat lost by the liquid to 
that gained by the water, and thus deduce the value of the specific heat 
of the liquid. 

Taking the specific heat of glass as '2, apply a correction for the heat 
given out by the immersed part of the glass test tube. 

Method of Cooling.— 

Expt. 32. — Take a flask of about 300 c.cs. capacity, and fill it up to 
the neck with water at a temperature of about 60” C. Support this 



Fic. 58.— Cardboard stand for sut^rting a calorimeter or 
the flask used in Expt. 32. 


flask on a frame made from cardboard, in the manner indicated in Fig. 
58.. Stir the water continually by means of a thermometer, and take 
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readings of the temperature indicated ; at first, every half minute, and 
later, when the cooling takes place more slowly, at longer ititervals. 
Observe also the temperature of the surrounding air. Enter your results 
in a table similar to the following : — 


Time. 

Temperature of Water. 

Temperature of surrounding Air. 



1 

* 


Finally plot your results in a diagram 
measured horizontally from O to X, 



Fig. 59,— Cooling curve for water. 


similar to p'ig. 59. Time is 
whilst the corresponding 
thermometer readings .are 
measured vertically parallel 
to OV. 

The connection between 
the rate at which the water 
is cooling and its mean tem- 
perature during a given in- 
terval may now be obtained, 
l.et Aa, B/;, be two lines 
drawn [Perpendicular to OX, 
through points indicating a 
difference of two minutes of 
time. Draw B /3 parallel to 
OX; then A /3 indicates the fall 
of temperature in two minutes 
when the mean temperature 


of the water is equal to 


ha -I- Bb 
2 


Since ha = 44-5’ C.,B 6 ^ 38“ C, 


Mean temperature during two-minute interval = 


^4*5 + 38 

2 


41 -2° C. 


Draw a horizontal line through 17** C., which was the temperature 
of the room during the above experiment. Then the mean difference in 
temperature between the water and the room was, during the above two- 
minute interval, equal to 41*2 - 17 = 24*2'’ C. The fall in temperature 
A/8 = 6*5“ C. 

The ratio of the fall of temperature during the two-minute interval, to 
the mean difference in temperature between the water and the room, was 

6 * ? 

therefore equal to — — = *268. 

24*2 
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Now take two other points r, dy at a distance apart along OX in- 
dicating a two-minute interval, and draw the vertical lines O’, D^/. Pro- 
ceeding as above, we obtain the following results. 

Mean temperature during this two-minute interval = 

27_+j£7 ^ 8,c. 

2 

Mean difference of temperature between the water and the room 
during the interval = 25 ‘8 - 17 = S'S'* C. 

Fall of temperature during this interval = C7 = 2*3® C. 

Ratio of fall of temperature during this two-minute interval, to the 

2*'2 

difference of temperature between the water and the room = = *262, 

which is practically equal to the value previously obtained. 

Repeat this process at various points of the curve. 

The results obtained show that the rate at which the flask 
cools is proportional to the difference between its temperature 
and that of its surroundings. 

Now for each fall in temperature of 1° C. a certain amount of. 
heat has left the water. Nearly all of this heat has passed 
through the glass walls of the flask, having finally been directly 
communicated to the air, or radiated to surrounding objects. 
It is almost self-evident that the amount of heat leaving 
the exterior of the flask, during an interval in which the tem- 
perature of the glass is on an average a certain number of 
degrees above that of the surroundings, will be independent of 
the nature of the contained liquid. 

Hence we arrive at the following law, which is a particular 
case of Newton’s Law of Cooling 
The cunount of heat lost, in a given interval of 
time, by a particular vessel when filled with €uiy 
liquid, is proportional to the mean difference of 
temperature ^tween the vessel and the surround- 
ing air. 

We can now determine the specific heat of a liquid by observing 
the time occupied in cooling from one temperature to another. 

Expt. 33. — A quantity of warm water is enclosed in a test-tube, the 
mouth of which is closed by a cork pierced to admit a thermometer T 

K 
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and a wire-stirrer S {see Fig. 6o), and the whole is placed in an 
enclosure, such as a tin can, the walls of which are kept at a constant 
temperature by being surrounded by melting ice. Notice the time 
that is required for the temperature to fall fiom a certain value, /j, to 
another value, water being kept well stirred. Now replace the 

water by an equal volume of the liquid of which the specific heat is 
required, and observe the time 6^ occupied in cooling from /j to /g, 
under similar conditions. 



Fig. 6o. — Apparatus for determining the sj}eci6c heat of a liquid by 

the method of cooling. 


The liquid and water have both possessed the same mean tern 
perature during cooling, but different times will generally have 
elapsed. 

In accordance with the law enunciated above, the total quantity of 
heat which has left the vessel will be proportional to the time taken by 
the liquid in coolii^ from to Hence, if cvj was the mass of the 
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water, and that of the liquid of which the specific heat j is to be 
determined, we have 

Heat lo st by liquid _ (/j - /j) _ 0 ^ 

Heat lost by water Wj - /j) 

. f - h 
01 ' 

If the experiment is conducted as previously described, a great 
part of the cooling is due to the direct communication of heat to the 
air. Consequently air currents are set up, and these may slightly 
vitiate the results of the experiment. 

Dulong and Petit, who, as well as Regnault, tried this method, 
placed the cooling vessel in a chamber which was afterwards 
thoroughly freed from air, its walls being kept at a constant 
temperature by being surrounded with melting ice. In this 
case heat is lost only by radiation (see Chap. XXI). 

This method gives good results for the specific heats of liquids, but 
is inapplicable to solids. When a solid cools, the outer layers are 
always at a lower temperature than the inner core. Consequently the 
conductivity of the solid greatly affects the time it will take to cool 
through a given number of degrees. 

Correction for Heat lost by Radiation and Con- 
vection during Calorimetric Experiments. — The 
method employed for this purpose may be best understood by 
following a particular example. 

The initial temperature of a calorimeter and its contained 
water was found to be 1672'’ C., the surrounding air having the 
same temperature. The heated solid having been introduced, 
the temperature of the water in the calorimeter was observed at 
the end of each ensuing minute. These temperatures w ere plotted 
as ordinates on squared paper, the corresponding times being 
abscissae. The continuous line curve in Fig. 61 w'as thus 
obtained. The rate of cooling when the solid and the water were 
at the same temperature was found by drawing the last tw'o 
crosses on the descending part of the curve. The correspond- 
ing fall of temperature was 1® C., and had occurred ii: 
2^ minutes. The mean temperature during this interval 
was 35° C. 

K 2 
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. •. Rate of fall of temperature, at 35° C. = ™ — = *4^^ G. 

^2 5 

per minute. 

Fig. 62 was next drawn, exhibiting the rate of fall of tem- 
perature, for any mean temperature. *4° was plotted vertically 




5 to > 

Time in, minutes 

Fig, 61 — Method of determining the loss of heat from 
calorimeter during heating. 


above 35®, and the point so obtained was joined by a straight 
line to i 6’72°, the temperature of the room, at which the rate of 
cooling would be zero. 

In order to obtain a curve representing the temperature 
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changes which would have occurred had no heat been lost by 
radiation, &c., the following table was constructed : — 


Interval. 

Initial 

temp. 

Final 

temp. 

Mean 

temp. 

Cooling 
during 
minute 
(from 
Fig. 62.) 

Correction to be 
added to mean 
temp^ 

Mean temp, 
during each 
minute -f 
correction. 

, 1 

1st minute 16*72” 

24” 

20*36 

•08 

•08 

20*44 

2nd 

24 

31*5'’ 

27*75 

*24 

•08 + *24 - *32 

28*07 

3rd „ 

31*5 

36*2 

33*85 

•37 

•32 + *37 == *69 

34*54 

4th ,, 

36*2 

37*0 

36 60 

1 *44 

•69 + *44 = 1*13 

37*73 

Srh „ 

37*0 

37*0 

37*00 1 

1 ‘45 

1*13 + *45 = I 58 

38*58 

6 th „ 

37*0 

36*5 i 

36 75 

I *44 

1*58 + *44 = 2*02 

38*79 

7th „ 

36*5 

361 

36 *30 

! *43 

2*02 + *43 = 2*45 

3875 

8th „ 

&c. 

i 

36*1 

35*7 

35*9 

1 

! 

2*45 + *42 = 2*87 

38*77 


The melhcKl employed was as follows : — 

From Fig, 61 it is seen that at the beginning and end of the first 
minute the temperatures were 1672® and 24“ C. respectively. Hence, 

mean temperature during first minute = - - = 20*36. Referring 

to Fig. 62, it can be seen that at the mean temperature 20*36'' C., the 



1 — I — r 

iO ss 

Mean temperature 


af^Salorimete^ 


Fig. 63.— Rate of cooling of calorimeter, for various temperatures. 

temperature is falling at the rate of *08° C. i>er minute. Hence, if no 
cooling had taken place, the mean temperature during the first minute 
would have l>een 20*36 -i- *08 = 20*44” C. 

In a similar manner the cooling during the second minute was de- 
termined. This was added to the cooling during the first minute (see 
column 6) to obtain the correction to be added to the mean temperature 
during the second minute. 

Proceeding in this way, the last column of the table was finally oh- 
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tained. The figures in this column represent the mean temperatures that 
would have obtained during successive minutes had no cooling occurred. 
It is seen that after the fifth minute the values become practically con- 
stant ; they would have been still more nearly constant if Figs. 6i and 
62 had been drawn on a larger scale. The points representing the mean 
observed temperature during each minute were* then marked with 
crosses on the observation curve, and the corrected mean temperatures 
were marked off vertically over these points. 

The points so obtained were then joined by the dotted curve, which 
represents the rise in temperature which would have occurred had no 
heat been lost by radiation, &c. 


Speciflo Heat of Ice. — This was determined by Person 
in the following manner. A thin copper vessel, provided with a 
thermometer projecting into its interior, was partially filled with 
water and then placed in a freezing mixture. The water was 
frozen, and reduced to a temperature considerably below C. 

The vessel with its contained ice was then removed and 
placed in a calorimeter containing warm water, kept well stirred. 
The temperature of the water at once began to fall, whilst the 
temperature of the ice rose. 

If the temperature of the warm water, the mass of which was Wj, 
fell through in a certain interval, then Wj/'j'* therms were given up. 

Assuming this heat to have passed into the ice (none of which is 
supposed to have melted), raising its temperature through ; then if 
~ mass of ice, and s = its specific heat, we have 
Heat gained by ice { = sw^^) — heat lost by water ( = Wi/j. ) 


•. X 


Wyt^ 


By this means Person found the specific heat of ice to be equal 
to *504. 

Specific Heat of Water. — The fact that the quantity of 
heat which would raise the temperature of i gram of water 
from 0° C. to 1“ C. is not exactly equal to that required to raise the 
tj^mperature of the same mass of water from (say) 60° to 61° C., 
first proved by Rowland in connection with his deter- 
min^'on of the mechanical equivalent of heat. He found that 
the quf^'^ty necessary to raise the temperature of i gram 

n^^^g^hroug'b. decreased as the temperature rose from 
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0° to yf , and then increased as higher temperatures were 
reached. Fig. 63 shows the variations in the specific heat of 
water, according to Bar- 
toli and Straciati, taking 
the unit of heat as that 
quantity which would 
raise the temperature of 
I gram of water, initially 
at O' C., through i°C. 

The values given must be 
understood to have the follow- 
ing meaning. Let a gram 
of water be heated from 

where is a small fraction of a centigrade degree, and let dq represent 
the quantity of heat absorbed in this operation. Then the sj>ecific heat 

of water at C. = 

(it 

According to Fig. 63, the specific heat of water has a minimum 
value at 20'' C. 



Fig. 63. — Curve showing the specific heat of 
water at various temperatures (sp. ht. at o*=:i). 


The following table, due toCallendarand Barnes {B. A. report, 1899), 
gives the specific heat of water for temperatures between 0° and iooX\ 
The unit of heat chosen is that quantity which is required to raise the 
temperature of i gram of water through iX. in the immediate neigh- 
bourhood of 20°C. At 2o'’C. the specific heat of water acquires its 
mean value between o® and ICO^ It has a minimum value at 40“. 


Temp. 

C. 



i 

Sp. Ht. 

Temp. 

C. 

Sp. Ht. 

Temp. 

C. 

Sp. Ht. j 

. i 

Temp. 

C. 

Sp. Ht. 

0 

1*0054 i 

20 

1*0000 

40 

•9982 

60 

1*0000 

5 

1*0037 i 

25 

*9992 

45 1 

*9983 ij 

75 

1*0024 

10 

I 0022 i 

30 

•9987 

50 

*9987 

90 

1*0053 

15 

1*0010 ; 

35 

•9983 

55 1 

*9992 i! 

100 

1*0074 


Although the use of water as a calorimetric substance has been almost 
universal up to within very recent times, several considerations lead to 
the conclusion that such an use is not altogether justifiable. In the first 
place, the relatively high specific heat of water renders it impossible to 
obtain variations in its temperature which can be accurately measured, 
without supplying large quantities of heat ; whilst the variation of the 
specific heat of water renders its use extremely objectionable for very 
accurate work. 
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It has recently been proposed by Mr. Griffiths that liquid aniline 
should be used as a calorimetric substance. It appears to possess neither 
of the disadvantages mentioned above. On the other hand, it is a 
hygroscopic substance, and the presence of water may alter its specific 
heat by about two per cent. For this reason Bartoli recommends the 
use of one of the higher paraffins. 

Variations in the Specific Heat of a Substance.— 
The specific heat of a substance generally varies with the state 
of the substance. 

I. Change of State. — The specific heat of a solid is not usually 
equal to that of the same substance in a liquid or gaseous condition. As a 
general rule, the specific heat of a substance is greatest in the liquid state. 


Specific Heats of Substances. 


Substance. 

State. 

Solid. 

Liquid. 

Gaseous. 

Water 

Mi 

1*000 

0*477 

Mercury 


00333 

— 

Bismuth 


00363 

— 

Lead 


0*0402 

— 

Bromine 

■■ 

0*107 

0*055 


As a general rule fusion produces only a small change in the specific 
heat of a metal. This change is generally greatest in the case of metals 
of which the volumes are changed considerably by melting. 

2. Change from Crystalline to Amorphous Condition. — The 
specific heat of an elementary substance, which can exist either in an 
amorphous or crystalline condition, is as a rule dependent on the con- 
dition which it happens to be in. 

Thus, according to Regnault, the mean specific heat of carbon^ be- 
tween 8® C. and 98“ C., may have any of the following values according 
to its condition. 


Wood Charcoal. 

Gas CoaU 

Native Graphite. 

Furnace Graphite. 

Diamond. 

0*2415 j 

' 

0*2036 

0*2017 

0*1970 

0*1469 
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The specific heat of crystallised arsenic is 0*083, whilst amorphous 
arsenic has a specific heat of 0*076. Yellow phosphorus has a specific 
heat of 0*202, whilst the red variety of the same substance has a specific 
heat of 0*169. 

3. Presence of Impurities. — ^The presence of impurities may 
greatly alter the specific heat of a substance. Perhaps the most re- 
markable change produced by mixing two substances is afforded by the 
case of aqueous solutions of alcohol. The specific heat of pure ethyl 
alcohol between 16" and 30“ C. is 0*6019. On the other hand, a ten 
per cent, solution of alcohol in water has a specific heat of i *032 
between the same temperatures, whilst the specific heat of a 20 per cent, 
solution is equal to 1*046. This solution possesses a higher specific 
heat than any other liquid at a temperature less than 100° C. 

The addition of more alcohol diminishes the specific heat of the 
mixture, which reaches a value of i *026 for a 30 per cent, solution, and 
0*981 for a 40 per cent, solution. 

4. Variation of Specific Heat with Temperature. — Thequantityof 
heat required toraise the temperatureof a gram of a substance through i® C. 
increases, as a general rule, with the initial temperature of the substance. 

Thus, according to Weber, diamond has a specific heat of *095 at 
0° C., *19 at 100® C, and *459 at 985® C. 

Silicon shows a similar increase of specific heat with temperature. 

Alcohol possesses a specific heat of *602 between 16® and 30° C., 
which value is increased to 1*114 at 160® C. 

Atomic Heats. —Dulong and Petit’s Law. —If masses of 
the various elements, numerically equal to their respective atomic 
weights, be taken, it is plain that equal numbers of atoms will 
be comprised in all cases. Thus, since the ratio of the weight 
of an atom of aluminium to that of an atom of lead is equal 

io it follows that 27*04 grams of aluminium will com- 

206*39 

prise the same number of atoms as exist in 206*39 grams of lead. 
Since the specific heat is equal to the number of therms which 
will raise the temperature of i gram of the substance through 

C., if we multiply the specific heats of the various elements by 
the corresponding atomic weights, we obtain the quantities of 
heat which will raise the temperature of masses of the various 
elements, comprising equal numbers of atoms, through 1° C. 

The following table gives the atomic weights and the specific 
heats of the best known of the elements ordinarily existing in 
a solid condition, together with the products of these quantities, 
constituting the atomic heat of those elements. 
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Atomic Heats of Elements in the Solid State. 


Element. 

« 

Atomic 

Weight. 

Specific Heat. 

Atomic 

Heat. 

Alumimum . . . 

Antimony 

Arsenic 

Barium ....... 

Bismuth ...... 

Boron ....... 

Bromine {solid) . . . 

Cadmium 

Calcium 

Carbon 

Cerium 

Chromium 

Cobalt ^ 

Copper ^ 

Gold» 

Iodine 

Iridium 

Iron ^ 

Lead 

1 Lithium 

Magnesium 

Manganese 

Mercury 

Molybdenum .... 

Nickel ^ 

Palladium 

Phosphorus (yellow) . 

Platinum ' 

Potassium 

Rhodium 

Silicon 

Silver 

Sodium 

Strontium 

Sulphur . . . • ... 

Tellurium 

Thallium 

Tin 

Tungsten 

Uranium 

Zinc 

1^ — ■■■ 1. . — 

27*04 

119*60 

74*90 

136*86 

207*5 

10*9 

79*76 

111*7 

39*9 

11*97 

141*2 

52 * 45 . 

58*55 

63*18 

195*74 

126*54 

192*5 

55*88 

206*39 

7*01 

23*94 

54*8 
i 199*8 

! 95*9 

1 58*24 

I 106 ‘20 

30*96 

194*3 

3903 

104*10 

28 0 

107 *66 
22*99 

87*3 

31*98 

127*7 (?) 
203*7 

1 * 7*35 

183*6 

239-8 

64*88 

0*2022 

0*05073 

0*0814 

0*047 (?) 

o*p298 
/ 0*252 at 30® 

\o*5 at 6oc° 

0*0843 

0*0548 

o*i8o 

f *238 at alxiut 30° 
\ *458 at 980" 
0*0448 

0*0997 

0*10303 

0*09232 

0*03035 

0*0541 

0*0303 

0*10983 

0*0315 

*9408 

0*245 

0*122 

0*0319 (solid) 
0*0659 

0*10842 

0*0592 

0*202 1 

0*03147 

0*165 

0*058 

/ 0*1596 (at io°C.) 

\ 0*2029 (at 232''C. ) 
0*0559 

0*2934 

0*074 (?) 

0*1844 

0*0475 

0*03355 

0*0559 

0*035 

0*028 

0*0935 

5 ‘45 
6*05 

6*10 

6*42 

6*17 

2*33 

5 ’45 
6*70 

6*1 1 
7*20 
2*85 

5 '47 
6*31 

5*23 

6*03 

5*82 

5 '94 
6*34 

5*83 

6*13 

6* so 
6*61 
5*86 
6*68 
6*36 
6*31 
6*31 
6*30 
6*31 
6*09 

6*45 

6*05 

439 

5*68 

6*10 

6*74 

6*45 

6*02 

6 06 
6*81 
6*65 

6*43 

6*71 

6*05 


i The specific heats of these metals are taken from Prof. Tilden’s paper, Phil* 
Trana.t Jftuiey xpoo, pp. a^jrass. 
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A glance at this table is sufficient to show that the atomic 
heats of the elements are approximately constant as long as the 
elements remain in the solid condition. Thus, taking lithium as 
the element with the smallest atomic weight (7'oi), and uranium 
as the element with the highest atomic weight (239’8), we find 
that the products of these atomic weights into the corresponding 
specific heats are equal to 6’6i and 671 respectively ; numbers 
which, though not exactly equal, are sufficiently nearly so to 
render it very unlikely that the agreement should be accidental. 
Hence we may conclude that Dulong and Petifs Law^ that 
“the product of the specific heat by the atomic 
weight is the same for all the elementary sub- 
stances,'’ is very approximately true for elements existing at 
ordinary temperatures in the solid state. 

With a view to determine whether the variations generally 
found in the atomic heats of the elements are due to impurities, 
Prof. Tilden has recently determined the specific heats of a 
number of metals which had been carefully purified. He 
found that the atomic heats of the pure metals were not exactly 
equal. (See table, p. 138.) He concludes that in the neigh- 
bourhood of - 273° C. (the absolute zero) the atomic heat for 
both nickel and cobalt would be 4 0. 

The variations in the atomic heats of the elements are not to 
be wondered at, when we remember that the specific heat of a 
substance varies with the temperature. Thus the atomic heats 
of boron, carbon, and silicon are abnormal at ordinary tempera- 
tures, but approximately attain the normal value at high 
temperatures. 

Bromine and mercury are liquid at ordinary temperatures. 
Their atomic heats may be found in the following table ; — 


Element. 

Atomic Weight. 

Specific Heat. 

Atomic Heat. 

Bromine 

69-9 

o*o8o2 

5*6i 

Mercury 

199*8 

1 

•0333 

6*64 


The atomic heats of the elementary gases are seen, from the 
following table, to agree fairly amongst themselves, although 
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possessing a different common value from that pertaining to 
solids. 


Element. 

Atomic Weight. 

Specific Heat. 

Atomic Heat. 

Chlorine 

35*37 

0 -II 55 

3*94 

Uydrc^en 

I 1 

3*409 

3*409 

Nitrogen 

J 4 *oi i 

*2438 

3*41 

Oxygen ...... 

15*96 I 

' .. 1 

•2175 

3*47 


It will be seen, when we come to consider the kinetic theory of gases, 
that a very simple explanation may be given of the approximate agree- 
ment between the atomic heats of the elements existing in the same 
state. 

Molecular Heats. — Attempts have been made to extend 
Dulong and Petit’s Law to compound bodies. According to 
Woestyn, the atoms in a compound preserve their original 
thermal capacities, i.e. it requires as much heat to raise the tem- 
perature of the lead combined with a due amount of oxygen to 
form lead oxide, as if the lead were free. 

In order to see how far this generalisation may be trusted, let us 
calculate the specific heat of ethyl alcohol (CaHgO). 

Heat required to raise the temperature of 2 x 1 1 *97 grms. of carbon by 

I® C. = 2 X 5*47= iO’94 therms. 

Heat required to raise the temperature of 6 x i grms. of hydrogen by 

1 “ C. = 6 X 3 '409 = 20*454 therms. 

Heat required to raise the temperature of i x 15*96 grms. of oxygen by 

I® C. = 3*47 therms. 

.*. According to Woestyn’s hypothesis, heat required to raise the 
temperature of (23*94 + 6+ 15 *96) =45 *90 grms. of alcohol through i®C. 
= 34*864 therms. 

. *. Specific heat of alcohol = = *76. 

^ 45*9 

The value experimentally obtained for the specific heat of alcohol 
varies between '547 at o® to *859 at 120®, thus showing a general 
agreement. 

The specific heat of carbon bisulphide varies much less with the 
temperature than alcohol. We will therefore see how far the calcu* 
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lated value of the specific heat of CS2 agrees with the value determined 
from experiment. 

Heat required to raise 1 1 *97 grms.of carbon through i°C. = 5*47 therms 
,, ,, ,, 2 X 31*98 = 63*96 grms. of sulphur 

through 1“ C. = 12*04 therms 

. • . Heat required to raise 75 *93 grms.of CSg through C. = 1 7 *51 therms 

Specific heat of CSg = — = *23 therms per degree C. 

The value experimentally determined for the specific heat of CS2 
varies between *235 at 0° and *246 at 30° C. 

Regnault has verified Woestyn’s hypothesis in the case of 
alloys, the temperatures of which were far removed from the 
fusing point. 

An interesting application of Woestyn’s theory has been made 
in determining the specific heat of water combined with salts 
to form hydrates. It has been found, both from theory and 
experiment, to be equal to that of ice, thus leading to the 
conclusion that water combined with hydrates exists in the 
solid form. 


Summary. 

Quantity of Heat. — In order to account for the fact, that when a 
hot body is placed in contact with a cold one. the temperature of the 
hot body falls, while that of the cold one rises, it is assumed that some- 
thing, which we term Heat^ passes from the hot to the cold body. In a 
similar manner water will flow from a vessel in which the surface is high 
to another in which the surface is lower. Difference of temperature 
corresponds to difference in the level of the surfaces, and quantity of 
heat to quantity of water transferred. 

Unit Quantity of Heat is absorbed (or given up) by one gram 
of water when its temperature is raised (or lowered) through i® C. 
This quantity of heat is called a therm. For accurate work, the initial 
temperature of the water must be o® C. 

A calorie is equal to 1,000 therms. This quantity of heat would 
raise the temperature of a kilc^ram of water through 1® C. The term 
gram~€<Uorie is sometimes used as equivalent to therm. 

Specific Heat. — The quantity of heat, measured in therms, which 
will raise the temperature of one gram of a substuice through 1® C., 
b called the specific heat of that substance. 
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Methods of Determining Specific Heat. — 

(1) Method of Mixtures. — A body of known mass and temperature 
is allowed to impart heat to water, or some other liquid of known 
specific heat, and the consequent rise in temperature of the liquid is 
observed. The heat lost by the body is then equated to that gained by 
the liquid. 

(2) Method of Cooling. — The time required for approximately equal 
volumes of two liquids to cool through the same range of temperature, 
when placed in the same vessel, is observed. The heat lost in either 
case is proportional to the time occupied in cooling. 

A Calorimeter is an instrument used for measuring quantities of 
heat. The water equivalent of a calorimeter is equal to the mass of 
water that would require, in order to raise its temperature through 
I’C., an amount of heat equal to that required by the calorimeter in 
the same circumstances. 

The Specific Heat of Ice at o* C. is equal to O'504 therms per 
I* C. It is thus equal to about one-half of the specific heat of water 
at 0“ C. 

The Specific Heat of Water varies from i at o” C. to i ‘03 at 
100“ C., and has a minimum value somewhere between 20” C. 
and 30° C. 

Variations in Specific Heat. — The specific heat of a substance is 
changed — 

( 1 ) by change of state ; 

(2) by presence of impurities ; 

(3) hy a change of temperature. 

Atomic Heats. — Masses of elementary substances equal to the 
atomic weights of the respective elements will comprise equal numbers 
of atoms. The atomic heats of substances are obtained by multiplying 
the specific heats by the atomic weights of the substances. 

Dulong and Petit’s Law states that the atomic heats of elementary 
substances in the same state are equal. Boron, silicon, and carbon 
possess abnormal atomic heats at low temperatures, but ordinary atomic 
heats at high temperatures. 

The Specific Heat of a Chemical Compound can be approxi- 
mately calculated from the atomic heats of its elementary constituents 
(Woestyn’s hypothesis.) 

Questions on Chapter VI. 

(i) Explain a method of determining the specific heat of a metal, 
stating what apparatus is required and what precautions are necessary 
for an accurate determination. 
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(2) Write a short essay on the relation between the specific heat of a 
compound body and its chemical composition. 

(3) Write a short essay on the specific heats of mixtures and 
compounds. 

(4) In measuring the specific heat of a substance by the method 
of mixtures, the rise in temperature of the water in the calorimeter 
has to be determined. Show how the observations are corrected 
for the loss of heat by radiation during the time the temperature is 
rising. 

(5) Write a short essay on the change in the specific heat of water 
with temperature. 

(6) When 120 grams of a given liquid, enclosed in a copper vessel 
whose mass is 20 grams, are heated to icxi'’ C. and immersed in 300 
grams of water at 13 °C. contained in a copper calorimeter whose mass 
is 80 grams, the temperature rises to 27 ’5° C. Assuming the specific 
heat of copper to be 0‘i, find that of the liquid. 

(7) Discuss the relation between the specific heats and the atomic 
weights of bodies. 

(8) Describe a mode of determining the specific heat of a solid. 
A mass of 700 grams of copper at 98“ C., put into 800 grams of 
water at 15° C., contained in a copper vessel weighing 200 grams, 
raises the temperature of the water to 2i°C. Find the specific heat of 
the copper. 

(9) What is meant by the specific heat of a substance ? What methods 
would you employ to determine the specific heat (l) of a solid, (2) of a 
liquid ? 

(10) A piece of ice at 0“ C., weighing 12 grams, is put into a vessel 
with water equivalent 20, and containing 180 grams of paraffin oil at 
20* C. When the ice is all melted the temperature of the mixture 
is 10“ C. Taking the latent heat of water as 80, find the specific heat 
of the paraffin oil. 

(11) Descril)e the . specific heat of a substance, and explain some one 
way of measuring it. 154 grams of a certain substance at 212® F. 
are placed in a vessel containing 182 grams of water at 15® C., and 
both come to a final temperature of 24® C. , calculate the specific heat of 
the body, and explain why the number determined is the specific heat 
as defined. 

(12) Define the unit quantity of heat, and calculate how many units 
of heat were given out by a body which, when placed in a calorimeter, 
raised its temperature from 15* C. to 38® C., there having been 375 
grams of water in the calorimeter, which weighed 104 grams, and was 
made of a metal whose specific heat was 0*43. 
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(13) Describe an experiment to show that the quantity of heat 
required to raise the temperature of one pound of water through any 
degree between o® C. and 100® C. is very nearly the same. To what 
sources of error is your experiment liable ? 

(14) A copper vessel contains 100 grams of water at 12® C. When 
56 grams of water at 30® C. are added, the resulting temperature of the 
mixture is 18“ C. What is the water equivalent of the calorimeter? 

A calorimeter with water equivalent 12 contains 100 grams of 
water at 12° C. When lOO grams of a metal at 100° C. are added, the 
resulting temperature of the mixture is 2o°‘C. Find the specific heat of 
the metal. 


Practical. 

(1) Find the specific heat of the given metal. 

(2) Find by the method of cooling the specific heat of the given 
liquid. 

(3) Find the amount of heat developed when water and sulphuric 
acid are mixed in the proportion of 10 to i by volume. 

(4) Find the specific heat of ice, given paraffin oil of specific heat 0*5 
and a freezing mixture. 

(5) Determine the specific heat of a given body by method of mixture. 

(6) Measure the specific heat of a given solid, applying corrections 
for the materials of the calorimeter, &c. 

(7) Compare the specific heat of the given liquid with that of the 
given solid. 

(8) Find the amount of heat evolved per c.c. of the mixture, when 
sulphuric acid and water are mixed in the proportion of I to 10 by 
volume. 




CHAPTER VII 


LATENT HEAT OF FUSION AND VAPORISATION 

When heat is communicated to a substance, a rise of tem- 
perature may not be the only result produced. Indeed, it is 
possible, in certain circumstances, to communicate a con- 
siderable quantity of heat to a substance without producing any 
alteration in temperature. In such cases the heat supplied is 
utilised in changing the state of the substance. 

Expt. 34. — Take a weighed calorimeter and half fill it with water, 
at a temperature of about 30° C. Weigh the calorimeter and its con- 
tents, and obtain the mass of the water by subtraction. 

Take a piece of ice, possessing a mass about Jth of that of the water in 
the calorimeter. Wrap this ice in a piece of dry flannel. By this means 
any moisture on the surface of the ice will be removed, whilst the 
formation of more moisture by the melting of the ice will be prevented, 
the flannel being a bad conductor of heat. 

Place a thermometer in the water contained in the calorimeter, and 
note the temperature which it indicates. Remove the ice from its 
flannel wrappings, and quickly drop it into the water in the calorimeter. 
Stir by means of the thermometer, and note the temperature indicated 
when the ice has just melted. . 

Remove the thermometer, and again weigh the calorimeter and its 
cdntents. Find by subtraction the mass of ice w'hich has been melted. 

Now the heat yielded up by the warm water in cooling from its 
initial to its final temperature may be directly calculated from the mass 
and fall in temperature of the water. Similarly, the heat absorbed in 
raising the temperature of the water derived from the ice, from o* C. 
(the temperature of melting ice) to the final temperature of the water in 
the calorimeter, may be calculated. 

L 
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It will be found that the first mentioned quantity of heat is 
greatly in excess of the latter quantity. Hence a certain quan- 
tity of heat has been absorbed, or rendered latent, during the 
change from the solid to the liquid state . 

The Latent Heat of Fusion of a substance is the 
quantity of heat required to convert one gram of the 
substance from the solid to the liquid state, no 
change meanwhile occurring in its temperature. 

A formula for obtaining the latent heat of fusion of ice from 
the results of the foregoing experiment may now be easily 
derived. 

Let Wj = mass of warm water, initially at a temperature C. 

Let W2 = mass of ice added. 

„ ^2 = temperature (“ C.) of the contents of the calorimeter when 
the ice has just melted. 

,, L = latent heat of fusion of ice. 

Then during the cooling of grams of water from C. to C. , a 
quantity of heat, equal to Wj (Zj - Zj) therms, has been given up. 

This heat has been utilised : 

1. In converting Wg grams of ice, at o® C., into 7V2 grams of water at 
the same temperature. The quantity of heat thus used is Lzc/^. 

2. In heating W2 grams of water from 0° C. to Zg® C. The quantity 
of heat necessary for this purpose is Wg (^2 “ o)* 

. *. Lwg + WgZg = «/j (Z, - Z2). 

In order to take account of the heat rendered up by the calorimeter, 
it is sufficient to notice that the thermal capacity, or water equivalent, 
of the calorimeter is equal to W3J, where is the mass of the calori- 
meter, and s is the specific heat of the substance of which it is composed 
(p. 126). Hence the correct equation will stand as 

Lwa + WgZj = (wi + w^s) (Zj - Z^). 

. T _ («'i + W) {^1 " ^2) . 

• • JLa — ■ ““ 4 a * 

**'2 • 

Calculate the value of the latent heat of fusion of ice from the results 
of the foregoing experiment. 

The correct value of L for ice is 80 therms per gram. 

The foregoing experiment will render it clear that before the 
latent heat of fusion of a substance can be determined some 
other constants of the substance must be obtained. Thus, if we 
know the melting point of paraffin wax, together with its specific 
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heat, both when in the liquid and the solid state, we might pour 
some melted paraffin wax, which had been heated to about ^<f 
C., into a beaker containing cold water, stirring the whole, and 
noting the final temperature arrived at. 

Then the heat given up by the wax is as follows : — 

1. Heat given up while the temperature falls from C. to 
the melting point. 

2. Heat given up as the liquid wax becomes solid, the tem- 
perature remaining constant. 

3. Heat given up as the solid wax cools from its melting 
po'mt to the final temperature. 

Expt. 35. — To determine the melting point of wax. — This may be 
determined by dipping the bulb of a thermometer into some melted 
wax, the temperature of which is some degrees above the melting 
point. When the film of solid wax at first formed has become liquefied, 
remove the thermometer, and rotating it quickly in the hand, notice the 
temperature indicated when a film of the opaque wax makes its appear- 
ance on the outside of the bulb. Then place the bulb in some water, 
slowly heat this, and notice the temperature when the film dis- 
appears. The mean of these two temperatures may be taken as the 
melting point of the wax. 

Expt. 36. — To determine the specific heat of liquid paraffin wax . — 
Take a large beaker, or, better still, a large copper calorimeter, half 
filled with water at a temperature one or two degrees above the melting 
point of the wax. Determine the mass and temperature of this water. 
Take a large test tul^e containing a known mass of melted paraffin wax 
at a temperature of about 80” C, and immerse this in the water, stirring 
both the wax and the water, and noting the eommon temperature w'hich 
both finally attain. The specific heat of the melted wax may be 
calculated in a manner similar to that previously described. 

Expt. 37. — To determine the specific heat of solid paraffin wax . — 
Cut up some solid paraffin wax into shavings, weigh them, and leave 
them for about a quarter of an hour in a beaker with the bulb of a 
thermometer placed in their midst. After taking their temperature in 
this manner, shoot the shavings into a beaker half full of water at about 
45* C. , and stir so as to be sure, as far as possible, that the wax and 
water attain the same final temperature. Note this common temperature. 
The calculation of the specific heat of the wax may now be performed. 

This stage of the experiment is one of considerable difficulty, since 
the wax is a very l)ad conductor of heat, and also floats on the water. 

L C 
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With suffieient care, however, a tolerably accurate result may be 
obtained. 

You may now obtain the latent heat of the w'ax, either by the method 
already sketched out, or by placing .solid wax at a known temperature 
in a known mass of melted wax at about 80°, carefully noting the initial 
temperature of the latter, and the final temperature attained by the 
mixture. 

Determination of Specific Heat by Black’s Ice 
Calorimeter. 

Expt. 38. — Take a block of ice, of dimensions about 4' x 4" x 3", 
and cut an approximately hemispherical hollow through its upper 



Fio. 64. — Black's icc calorimeter. 

surface (Fig. 64). The surface of another block of ice is smoothed so 
as to form a cover for this arrangement. A piece of metal is healed to 
too’’ C., cither by placing it directly in boiling water, or, better, in a 
steam jacket {see Chapter VI., p, 124). When this is ready, dryout the 
cavity in the ice with a towel and quickly transfer the metal to it, imme- 
diately afterwards placing the ice cover in position. After about five 
minutes the metal will have attained the temperature of the ice, a 
certain amount of the latter having been converted into water at o C. 
by the heat given up during the process. 

Pour this water into a weighed evaporating ba.sin, drying the cavity 
by means of some weighed filter paper, and determine the mass of the 
ice which has been melted, by weighing and subtraction. 

Let Wj = mass of metal used. 

Let s = specific heat of the metal. 

Let Wa = mass of ice which has been melted. 
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Thus, whilst the temperature of the metal was sinking from lOo'* to 
0° C. , J X Wj X 100 therms were given up. 

In transforming grams of ice at 0° C. into water at the same 
temperature, Lw., units of heat were absorbed, where L, the latent 
heat of fusion of ice, = 80. 

100 S 70 i = L «/2 = 80W2, 

_ W2 80 _ 4 ^2 

Tt'i 100 5 

It may be noticed that no thermometer is required in this experiment, 
provided that we may assume the heated metal to be at 100“ C. (or, 
more accurately, at the boiling point of water corresponding to the 
atmospheric pressure at the time of the experiment). 

Lavoisier’s and Laplace’s Ice Calorimeter. — This 
piece of apparatus is shown in Fig. 65. The heated solid is 
placed in a metal enclosure, which 
is entirely surrounded by a cham- 
ber packed with broken ice. The 
heat communicated from the solid 
melts some of this ice, and the 
water formed runs off by the lower 
tap. In order to prevent this ice 
from being melted by heat received 
from surrounding bodies, an ex- 
ternal chamber, also packed with 
ice, is provided, from which water 
can run away by the side tap. 

When the apparatus has stood for 
some time before the solid is intro- 
duced, water will cease to flow 
from the lower tap — a steady drip 
from the side tap being due to the 
melting of the ice in the guard 
chamber. The heated solid is then placed in the inner com- 
partment, and the water which now flows from the lower tap is 
collected. The calculation to be performed is similar to that 
described in connection w'ith Black’s Ice Calorimeter. 

Lavoisier’s and Laplace’s calorimeter presents little except 
historical interest. It is almost impossible to obtain accurate 
results with it. since the w'ater produced by the melting of the 



Fig. 65. — Lavoisier's and Laplace’s 
ice calorimeter* 
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ice does not flow away freely, but becomes entangled amongst 
the remaining ice. 

Latent Heat of Steam. — At a pressure of 760 mm. of 
mercury, and a temperature of 100^ C., water and steam can 
exist in the same vessel. In order, however, to convert water 
into steam at the same temperature, a considerable quantity or 
heat must be supplied. As the addition of this heat does not 
produce any change of temperature it is said to become latent. 
If the temperature of the vessel is reduced, some of the steam 
will be condensed and will give up the heat previously rendered 
latent, thus tending to maintain the vessel at its initial tempera- 
ture of 100° C. 

The Latent Heat of Steam is defined as the quan- 
tity of heat absorbed in transforming one gram of 
water at its boiling point, into steam at the same 
temperature. 

Expt. 39. — To determine the latent heat of steam. — A boiler, which 
may be conveniently made from a clean oil-can, provided with a sound 



Fig. 66, —Arrangement for determining the latent heat of steam. 


cork and a wide glass delivery tube (Fig, 66), is mounted on a tripod 
stand, and after being about half filled with water, is heated by means of a 
Bunsen burner. The glass delivery tube is connected to one end of a 
piece of ordinary Jndiarubber tubing ; the latter is prevented from losing 
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heat by a binding of cotton wool. At the other end of the India* 
rubber tube is a water trap, .shown in .section in Fig. 67. This is 
made from a piece of glass lula'ng of about j{" internal diameter, its ends 
being provided with corks bored to receive the gla.ss lubes 
B and C. The tube B projects only a short distance beyond 
the lower surface of the cork, whilst the end of the tube C 
reaches above the lower orifice of the tube B. Thus any 
water, which has been formed by the condensation of steam 
in the indiarubber tube, will be collected, so that only dry 
steam issues from the tube C. 

A calorimeter is about half filled with cold water, and 
the mass of the calorimeter and its contents determined. 

It is best initially to cool this water as far below the tem- 
perature of the room as it is intended finally to heat it 
above that temperature. The final temperature of the water 
in the calorimeter should not be higher than about 30° C., 
in order to avoid loss of heat through the vaporisation of the 
water. Note the initial temperature of the water. 

The lower orifice of the tube C is placed beneath the 
surface of the cold water in the calorimeter ; the steam which 
condenses in the water raises the temperature of the latter. 

The water should be kept well stirred during the above 
operation. Finally, the calorimeter and its contents are 
again weighed, in order to determine the mass of steam which has 
been conden.scd. 

Let Wi — the mass of the water (or more accurately, the w^ater 
equivalent of the calorimeter and its contents) at the initial temperature 
^1“ C. 

Let C. = the final temperature of the calorimeter and its contents. 

Let = the mass of steam condensed, determined by subtracting 
the initial from the final mass of the calorimeter and its contents. 

Let L = the latent heat of steam. 



Fig. $7. 
Water 
trap. 


Then the heat given up during the conversion of grams of steam 
at 100° C. into water at the same temperature = Iau^. 

Heat given up w'hilst .grams of water are cooling from 100° to 
A/C. - -UK, (100-/3). 

Ilciit iu‘cc.ssary to raise grams of water from /j® to C. = 

. •. Lzi/2 + - /g) — W|(/a - /j) 


7f>,(/.,*-/,) 




(100 - /,). 
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Berthelot’s Apparatus for determining the Latent 
Heat of Steam. — In order to avoid the possibility of partial 
condensation taking place before the steam enters the calori- 


II 



Fig. 68. — Bertbelot's apparatus for determining the latent heat of steam. 


meter, Berthelot used the arrangement shown in Fig. 68. The 
water or other liquid, of which the latent heat is required, is 
boiled in a glass flask heated by means of a ring burner, /, 
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placed beneath it. The vapour formed is carried down through 
the heated liquid by way of a vertical tube T, the upper orifice of 
which is above the surface of the liquid. After leaving the fiask 
the vapour traverses a spiral tube s immersed in water in the 
calorimeter. The liquid condensed in the tube s is collected in 
the enlargement R, which communicates with the atmosphere by 
means of the tube /. The calorimeter is protected from the 
reception of heat from external bodies by means of a water- 
jacket, whilst the direct communication of heat from the ring 
burner is prevented by a slab of wood n covered with wire 
gauze. 

The calculations to be performed, in order to determine the latent 
heat of the liquid from the a nount of the latter condensed in the en- 
largement R, and the rise in temperature of the calorimeter and its 
contents, are similar to those already given. 

Berthelot’s determination resulted in a value for the latent heat of 
steam equal to 536*2 therms per gram. 

Begnault’s Experiments.— In performing the experi- 
ments about to be described, Regnault’s object was not alone to 
determine the quantity of heat necessary to convert i gram of 
water at 100° C. into steam at the same temperature, but also to 
determine the heat that must be communicated to a gram of 
water, initially at C., in order to convert this into steam at 
some higher temperature 

Total Heat of Steam. — ^The total heat of steam at C., 
is defined as the quantity of heat which must be com- 
municated to 1 gram of water, initially at 0° O., in 
order to convert it into saturated vapour at a tem- 
perature of C. 

In order to vary the boiling point of the water the pressure 
must be suitably modified. 

Previous to the performance of Regnault’s experiments, Watt 
had stated that the total heat of steam was independent of the 
pressure of the vapour, and therefore of the boiling point of the 
water. 

On the other hand, Creighton and Southern had proposed the 
law that the amount of heat required to convert i gram of 
water at any temperature into vapour at the same temperature, 
was constant. If this law were true, the total heat of steam 
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would of course increase with the elevation of the boiling point 
of the water. 

Regnault lieated his water in a boiler which could be put in 
communication with a pressure chamber, so that the l^oiling 

point could be varied at 
pleasure. The \aj)our 
formed passed downward 
through the boiling rK|uid 
by way of a sj>iral tube, 
and was then conveyed to 
the calorimeters by a tube 
carefully jacketed so as to 
prevent loss of heat. Two 
calorimeters similar to 
that represented in Fig. 
69, were employed, ar- 
rangements being made 
so that the vapour could 
be passed into either at 
pleasure. The vapour 
entered into the upper 
copper sphere, passed 
down into the lower one, 
and then upwards through 
the copper worm. The 
pressure of the vapour 
was measured by means 
of an open mercury mano- 
meter. The water con- 
densed in the worm or 
the upper copper sphere 
ran into the lower sphere 
and was drawn off into a 
flask and weighed. 


Fig. 69,— Regnault s c,-iloriineter for deter- Two similar calorimeters, 
mining the Latent heat of steam. placed side by side, were 

used, in order that a correc- 


tion might be determined for tlie iiHlirect healing, either by conduction 
along the steam tubes, or by ratlialion. Supposing both calorimeters 
to be exactly similar, then if the steam is passing through one and not 
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through the other, the former will be heated by the condensation of 
the vapour as well as by radiation and conduction, the latter being 
heated only by the latter means. 

It was ultimately, however, found to be best to use the method of 
correction explained on p. 131, only one calorimeter being used. 


In this manner, employing pressures varying from *2 to 13*6 
atmospheres, Regnault determined the amount of heat, ^ 

Q = / -b Lt 

which it was necessary to supply to i gram of water at o® C., 
in order, firstly, to heat it to and then to convert it into 
vapour at the same temperature. He found that 

Q = 6o6’5 + 0*305/. 

Consequently, since Q = / + Le where L# is the latent heat 
of vaporisation of water at f C., we have 

Lf = 606*5 + 0.305/ - / 

= 606*5 - *695/. 


Consequently the latent heat of vaporisation decreases with 
the boiling point of water, thus disproving Creighton and 
Southern’s law. Also, since Q increases with the boiling point /, 
Watt’s law was disproved. 


If we take / = 100^ C., we find the latent heat of steam boiling under 
standard pressure to be equal to 

606*5 ~ ’^95 “ 606*5 “ 69*5 = 537 therms per gram. 

When the variation of the specific heat of water is taken into account, 
we find the slightly smaller value 536*5 therms per gram. 

Similarly the latent heat of vaporisation of water at 200° C. would 
be equal to 464*3 therms per gram, whilst at a temperature /“j, equal to 


606*5 


872% 


the latent heat of vaporisation of water would have zero value. 


Tbe Steam Calorimeter. — In Black’s calorimeter, de- 
scribed on p. 148, the specific heat of a substance is determined 
in terms of the latent heat of fusion of ice. The specific heat 
of a substance can also be determined in terms of the latent 
heat of vaporisation of water. 

Let us suppose that a piecfs of metal, suspended from one 

1 Sc« Not* on p. z6s. 
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end of the beam of a balance, is carefully weighed. If now by 
any means the piece of metal could be surrounded by “ dry ” 
steam (i.e. steam which does not carry fine particles of water 
suspended in it), heat would pass from the steam to the metal, 
and for every 536 therms so communicated, one gram of steam 
would be condensed on the metal. This condensation would 
proceed till the metal had attained the same temperature 
as the steam, when condensatipn would cease, unless heat 
is lost by radiation. The mass of the water produced by the 
condensation of the steam would thus increase up to a certain 
amount, and then remain practically constant. For if more 
steam were to be condensed, the temperature of the metal would 
be raised above that of the steam, and some of the water 
previously condensed would be evaporated. On the other 
hand, none of the water already condensed could evaporate 
without entailing a fall in the temperature of the metal, which 
would immediately occasion the condensation of an amount 
of steam equivalent to that which had been given off. 

If the body is once more weighed, the mass of the water 
which has been condensed may be determined by subtraction. 

Let Wi = mass of the substance, the specific heat s of which is sought. 

„ C. = the initial temperature of the substance. 

,, Wo = mass of steam condensed. 

Then the heat which has been communicated to the substance = 
sxvi ( 100 - /), 

The heat which has been given up whilst Wj grams of steam at 100® C. 
condensed to water at lOO** C. = Lwj* where L = the latent heat of 
steam at lOO*’ C. = 536*5 therms per gram. 

.*. rwjiioo-/) = Lwj. 

I.w« 

.*. J = 7 — 

Wj (lOO-/) 

Certain practical difficulties have prevented the experimental 
application of these principles until recently. The method 
by which these difficulties have been overcome may be best 
illustrated by a description of Joly’s method of determining the 
specific heat of gases at constant volume. 

Joly^s Differential Steam Calorimeter. —Specific 
Heat of a Gas at Constant Volume.— Two hollow 
spheres, made from coppef thin as is consistent with the 
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possession of the necessary strength, are hung from the ends 
of a balance beam by means of fine platinum wires (Fig. 70). 


The spheres are enclosed by 
a chamber which can be filled 
with dry steam. They are 
so constructed that, when 
exhausted, their thermal 
capacities (or water equiva- 
lents) are exactly equal. 
Hence, if the beam of the 
balance be brought into 
equilibrium by placing 
weights on one of the pans, 
supplemented by the use 
of a rider, the equilibrium will 
be preserved when the con- 
taining vessel is filled with 
steam, since equal masses 
will be condensed on the 
two spheres. Small light 
trays are hung under both 
spheres in order to catch 
any drops of water which 
may fall off. 

One of the spheres is now 
filled with a gas under pres- 
sure, and the mass of this 
gas determined by adding 
weights, &c., the vessel sur- 
rounding the spheres being 
meanwhile filled with air. 
When everything has had 
time to acquire a constant 
temperature, this latter is 



noted by the aid of a delicate Fic. 70.— Joly s difTerential steam calon- 

, ^ ^ meter. (P.) (Front view.) 

low-range thermometer. 

Steam is then allowed to enter the vessel surrounding 


the spheres. Although the thermal capacity of the com- 
pressed gas is small, the difference in the mass of water 
condensed on the two spheres is quite definite, and may be 
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accurately determined. The gas has meanwhile been main- 
tained at a volume which is practically constant ; hence the 



Fig, 71, — Joly's steam calorimeter. (P.) 
(Side view.) 


Specific heat of the 
gas at constant volume 
may be directly calcu- 
lated. 

One of the difficulties 
met with in the design of 
this apparatus was con- 
nected with the apertures 
in the steam vessel 
through which pass the 
fine platinum wires which 
support the spheres. If 
these apertures were 
made large, a constant 
stream of steam issued 
forth, and this precluded 
accurate weighing. If, 
on the other hand, the 
apertures were made 
small, drops of water 
condensed in them, and 
the capillary forces ex- 
erted on the wires pro- 
duced considerable errors. 

The method finally 
adopted was to make the 
small holes in plaster of 
Paris, which, being an 
absorbent substance, pre- 
vented the formation of 
drops. Small coils of 
platinum wire also sur- 
rounded the wires just 
above the holes in the 
plaster, and these were 


rendered red hot by the passage of an electric current. By these means 
theMifficulties mentioned were completely surmounted. 


Joiy found the mean specific heat hydrogen to be 2*402. 
The value of the specific heat decreasii^ with the density. The 




vn LATENT HEAT OF FUSION AND VAPORISATION 159 





iiiiiliii 






value found for the specific heat of air at a pressure of I9'5 atmo- 
spheres was O’ 1 72 1 , and that of carbon dioxide gas varied from 
0*16841 at a pressure of 7*2 atmospheres to o’i7386 at 21*66 
atmospheres. 

Specific Heat of a Gas at Constant Pressure (Reg- 
nault’s Experiments).— Although the method used by 


Fig. 72.-'Regnault*s apparaiu'' (ov tictunamuii; the specific heat of a gas under 

constant pressure*. (P.) 


Regnault, in determining the specific heat of a gas under con- 
stant pressure, was in no way dependent on the principles 
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developed in this chapter, the present is perhaps the most fitting 
occasion to describe these experiments. 

It will be explained later (see Chap. XIII.) why a gram of 
gas should require more heat to raise its temperature through 
1° when the pressure remains constant, than when the volume is 
maintained invariable. It need only be remarked here, that when 
the pressure of a gas remains constant, any rise of temperature 
will be accompanied by an increase of the volume of the gas. 
It is a well-known fact that if a gas is allowed to suddenly 
expand, its temperature will be lowered, and therefore heat 
must be supplied to raise it to its initial temperature. Thus if 
a gram of gas were heated at constant volume through i° C., 
a certain amount of heat, termed the specific heat of the gas 
at constant volume, would be absorbed. If it were then allowed to 
expand till its pressure reached the value it originally possessed, 
the gas would be cooled, and hence additional heat would be 
required to raise its temperature to the value that it had befove 
the expansion took place. 

In order to determine the value of the specific heat of a gas 
under constant pressure, Regnault allowed a stream of heated 
gas to pass through a spiral tube contained in a copper vessel 
filled with water, and observed the consequent rise in tem- 
perature of the water. 

The gas to be experimented on was stored in a reservoir V 
(Fig. 72), which was maintained at a constant temperature. 
The quantity of gas which passed through the calorimeter during 
an experiment was determined from measurements made of the 
initial and final pressures of the gas in V. 

The gas was heated whilst passing through a long spiral tube 
of copper immersed in an oil-bath E. In order to maintain a 
steady flow of gas, its pressure, immediately before entering this 
spiral, was indicated by a manometer M, and was maintained 
constant by opening the valve R as the pressure in V diminished. 
After having been heated to the temperature of the bath E 
(which was read by the aid of the thermometer shown), the gas 
passed directly through a spiral copper tube immersed in water 
in the calorimeter C. A water manometer, not shown in 
Fig. 72, was used in order to be sure that the pressure of the 
gas had not altered appreciably whilst passing through the 
calorimeter. 
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In performing an experiment, the rate of rise of tempera- 
ture of the calorimeter was ascertained just before passing the 
heated gas through it. The heated gas was then allowed to 
stream through it till the temperature had risen by a certain 
amount, which was carefully obselrved. The gas was then 
turned off, and the rate of change of temperature of the calori- 
meter was again determined. The first and third observations 
were made in order to obtain data for applying a correctfon 
for the heat gained or lost by radiation and conduction. (See 
method explained on p. 131.) 

Note. — Prof. Gillendar and others have pointed out that Regnault’s 
determination of the Latent Heat of Steam, though far in advance of 
his time, requires revision when considered in the light of recent 
advances. It has been objected, 

(1) That his thermometry was imperfect, 

(2) The variation of the specific heat of water, between 0“ and 60“ 
(see p. 135) was unknown to him. 

(3) Regnault admitted that the observations below I 75 ‘’C. were 
vitiated by an escape of steam into the idle calorimeter. 

In addition, the Latent Heat of Water should become equal to zero 
at the critical temperature (see Ch. IX. ) which is 365°C., instead of 
872®, as calculated from Regnault’s formula. 

The latest values for the Total Heat (Q) and the Latent He.at (L) of 
steam, due to Prof. Callendar, are given in the 4th and 5th columns of 
the table on p. 467 at the end of this book. 

Summary. 

The Latent Heat of Fusion of a substance is the quantity of 
heat required to convert one gram of the substance from the solid to 
the liquid state, no change meanwhile occurring in its temperature. 

The Latent Heat of Fusion of Ice may be determined by placing 
a known mass of ice in a known mass of warm water, and observing 
the consequent fall of temperature of the water. 

Black’s Ice Calorimeter consists of a hollow vessel of ice. The 
specific heat of a solid can be determined l>y heating it to a definite 
temperature, placing it in the ice calorimeter, and determining the mass 
of ice converted into water at o°C. 

The Latent Heat of Vaporisation of a substance is equal to the 
quantity of heat required to convert one gram of the substance from 
the state of liquid to that of vapour at the same temperature. 

The Total Heat of Steam at/^C. is the quantity of heat which 

M 
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must be communicated to one gram of water, initially at o° C., in 
order to convert it into saturated vapour at a temperature of /“ C. 

Regnault found that the total heat of steam increased with the tem- 
perature of vaporisation. The latent heat of steam decreases with the 
temperature of vaporisation, and would, according to Regnault’s 
formula, be equal to zero at 872® C. 

Joly's Steam Calorimeter. — By the aid, of this instrument the 
specific heat of a solid is determined by observing the amount of steam at 
100® C. which is condensed to water at 100° C. in raising the tempera- 
ture of a known mass of the solid from some definite temperature to 100° C. 

Specific Heats of Gases. 

The Specific Heat of a Gas at Constant Volume has been 
determined by Joly by the aid of his differential steam calorimeter. 

The Specific Heat of a Gas at constant pressure has been deter- 
mined by Regnault, by causing a known mass of heated gas to becooltd 
in passing through a known mass of water. 

The specific heat of a gas at constant pressure is always greater than 
the specific heat of the gas at constant volume. 

Questions on Chapter VII. 

(1) Explain the method of determining the latent heat of vaporisation 
of a liquid, and describe the apparatus you would employ. 

(2) Water contained in a closed calorimeter is heated and the heat 
supplied is measured. The. vapour formed is removed at such a rate 
that the temperature of the liquid remains constant. Hence, show how 
to find the latent heat of .evaporation of the liquid. 

{3) How may fhe specific heat of a gas at constant pressure be accu- 
rately determined ? 

(4) Describe Joly’s steam calorimeter and his investigation of the 
specific heats of gases at constant volume. 

(5) Describe a method of finding directly by experiment the specific 
heat of a gas at constant pressure. 

(6) Describe and explain the method of using Joly’s steam calori- 
meter. 

(7) Define latent heat. How much ice at 0° C. would a kilogram of 
steam at 100° C. melt if the resulting water was at 0“ C. ? 

(8) A piece of iron weighing 16 grams is dropped at a temperature 
of 112*5“ C. into a cavity in a block of ice, of which it melts 2*5 grams. 
If the latent heat of ice is 80, find the specific heat of iron. 

(9) Define what is meant by the “ latent heat ” of water, and state 
exactly how you will proceed to measure it experimentally. 
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(10) Define the specific heat of a gas at constant pressure and at 
constant Volume, and descril^e some method of measuring one of these 
quantities. Why is the first of these quantities always greater than the 
second ? 

(11) What is meant by the statement that the latent heat of water 
is 8o? 

The temperature of a pond is 8° C. when a freezing wind sets in. 
Describe what happens as the water parts with its heat, and assuming 
that it parts with it at a uniform rate, compare the time taken to the 
beginning of freezing with the time taken to freeze the top half-inch of 
water, the total depth being 20 inches. 

(12) Define latent heat of vaporisation. 

One pound of hot water is poured into a shallow polished vessel sup- 
ported on three corks, and whilst 0‘25 ounce is evaporating the tem- 
perature falls from 90® to 80° C. Neglecting heat lost by radiation, 
convection, and conduction, calculate the latent heat of vaporisation of 
water. 

(13) Describe Regnault’s method of determining the specific heat of 
a gas under constant pressure, and state the general results obtained. 

(14) Descrilie Joly’s steam calorimeter and his investigation of the 
specific heat of gases at constant volume. 

Practical. 

(1) Find the latent heat of steam. 

(2) Find the latent heat of fusion of ice. 


M 2? 



CHAPTER VIII 


CHANGE OF STATE 

Fusion 

Cooling Curves,— Expt. 40. — Take a thin-walled boiling tube and 
half fill it with distilled water. Obtain a thin- walled test tube, of such 
a diameter that it will just admit of a thermometer being placed in it, 
and fill the free space surrounding the thermometer bulb with mercury. 
Place the test tube and thermometer in the lx)iling tube (Fig. 73), and 
then place the whole arrangement in a beaker containing a freezing 
mixture made from ice and salt. Read the temperature indicated by 
the thermometer every half minute, and finally plot your observations, 
measuring time horizontally and temperature vertically. 

You will thus obtain a cooling curve of the general form 
shown in Fig. 74. It will be noticed that, after falling to o°C., 
the temperature remains constant for a considerable interval, 
and then recommences to fall. 

The meaning of this stationary temperature at 0 ° C. may be 
easily explained. When the distilled water has cooled to 0° C., 
solidification commences. But for every gram of water which 
solidifies, 80 therms of heat will be given up. On the other 
hand, the colder mixture of ice and salt is continually abstracting 
heat from the water in the test tube. The water will solidify 
at such a rate that the heat given up during solidification is 
just balanced by the heat abstracted by the freezing mixture, 
the temperature of the freezing water meanwhile remaining 
stationary. 

When the whole of the water has solidified, cooling will re* 
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commence. When no further 
fall of temperature is indi- 
cated by the thermometer, 
remove the boiling tube with 
its contained ice, and place 
it in a beaker half filled with 
water which is kept at a 
constant temperature of 
about 30^ C., by heating, 
when necessary, with a 
Bunsen burner. The ther- 
mometer will now be found 
to indicate a rising tempera- 
ture till 0° C. is reached ; it 
will then remain at the lat- 
ter temperature till all the 
ice has disappeared, when a 
further rise in temperature 
will take place till 30'^ C. is 
reached. 

One of the most convenient 
methods of determining the 
melting point of a solid is to 
allow the melted substance 
to cool, and to draw a cooling" Fn;. 73* — Arrangement for determining the 
curve from the observations cooling crv. of »a«r. 

of the temperature made at short intervals of time. Crystalline 

substances show a well-marked 
horizontal portion of this curve, 
which indicates the melting 
point. Substances like paraffin 
wax, which in solidifying pass 
through an intermediate pasty 
condition, exhibit a less abrupt 
alteration in the rate of cooling 
in the neighbourhood of the 
melting point. 

When mixtures of metals are 
Ti.mC' ' melted and allowed to cool, two 

Fig. 74.— Cooling curve for Water. or more Stationary temperatures 
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may be observed, indicating that the different metals solidify at 
different temperatures. 


Expt. 41. — Obtain the cooling ctirve for paraffin zvax. — Heat some 
wax contained in a test tube to about 60“ C. ; place a thermometer in 
^ it, and regularly observe the temperature 

I at short intervals. Plot the curve in the 

■ zoo manner already explained. 

To determine the Melting 
Point of a Substance.— 



Fig. jr6. — Arrangement for de- 
termining the melting point of 
a solid. 


Expt. 42. — To determine the meltingpoint 
of sulphur. — Introduce a little powdered 
sulphur into a piece of capillary tube closed 
at its lower end. Fasten this piece of 
capillary tube by the side of the bulb of a 
thermometer reading to 200° C., by the aid 
of pieces of thin wire. Support the ther- 
mometer within a rather wide boiling tube, 



Fig. 75. — Method of supporting the test 
tube shown in Fig. 75, 


the upper end of which is filled up with 
a plug of glass wool. The air in the tul>e 
is heated by means of a gas flame. The 
wider tube (Fig. 76) serves to equalise the 
temperature along the whole height of the 
thermometer. The thermometer and test 
tube are supported by wires in the man- 
ner indicated in Fig. 75. The lower end 
of the outer tube is preferably covered 
with a piece of iron wire gauze. 

Notice the temperature when the first 
indications of melting are exhibited. This 
will be the melting point of the sulphur. 

Overcooling, — Under certain 
conditions it is possible to cool water 
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to a temperature considerably below o'^C. without solidifica- 
tion occurring. Fahrenheit found that water, enclosed in 
a thermometer-shaped vessel which had been freed from air, 
could be cooled below the freezing point of water without 
any ice being formed. When, however, the stem was broken, 
solidification rapidly set in. Gay-Lussac cooled water to 12'’ C. 
without solidification taking place, the surface of the water being 
covered with a layer of oil. A small fragment of ice dropped 
into the overcooled water caused solidification to commence, the 
temperature quickly rising to C. 

This property is not peculiar to water, but is exhibited by most other 
substances. If, for instance, phosphorus is melted in a U tube, its free 
surfaces being covered with water, it may be cooled considerably below 
44° C., which is its normal melting point, without solidification occur- 
ring. If a small fragment of solid yellow phosphorus is then dropped 
into one of the limbs of the U tube, solidification will commence at this 
fragment, and spread along the tube, the temperature of the phosphorus 
rising meanwhile to 44° C. A fragment of amorphous red phosphorus 
will not start solidification. The rate at which the solidification travels 
along the tube is greater in proportion to the degree of overcooling. 

From this experiment we learn two facts of great import- 
ance : — 

1. Solidification takes place only at the surface of the solid 
already formed. 

2. The rate at which solidification takes place at a given 
surface is proportional to the degree of over-cooling. 

Beckmann’s Freezing Point Apparatus.— -The fact 
that the temperature of an over-cooled liquid rises to the freezing 
point when solidification occurs, has been made the basis of a 
method of determining freezing points. Beckmann’s apparatus is 
shown in Fig. 77. It consists of a test tube A, provided with 
a side inlet tube D, and a cork through which a thermometer T 
and a platinum wire stirrer S2 pass. This test tube is sur- 
rounded by a larger tube B, the space between the two forming 
an air jacket. Both are surrounded by a larger vessel C, which 
can be filled with a suitable freezing mixture. The latter is 
kept in circulation by means of the wire stirrer S^. 

The method of using the above apparatus is as follows : — 

Some of the liquid of which the freezing point is required, is introduced 
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into A, by way of the inlet tube D, which is afterwards closed by a cork. 

A suitable freezing mixture is introduced into C, and the whole apparatus 

IS allowed to stand 



Fig, 77. — Beckmann’s apparatus for determining the 
freezing point of a solution. 


till the thermometer 
T indicates a tem- 
perature one or two 
degrees below the 
probable freezing 
point of the liquid. 
The platinum wire 
stirrer Sg is then 
moved briskly up 
and down, when 
solidification will 
generally occur. 
The temperature in- 
dicated by T rises 
and shortly attains 
a value which re- 
mains constant for 
some time. This 
temperature is the 
freezing point of the 
liquid. 

The Freezing 
Point of a Solu- 
tion is always 
lower than that 
of the pure Sol- 
vent. 

A common 
method of remov- 
ing ice from pave- 
ments is to sprin- 
kle salt upon it. 
The mixture of 
salt and ice is in- 


capable of remain- 
ing solid unless its temperature is much below 0° C. Consequently 
the ice melts, and the heat absorbed in this process causes the 
temperature to fall till the freezing point of the mixture is attained. 
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The use of a mixture of ice and salt as a freezing mixture will 
be explained later on. 

An aqueous solution of any substance will possess a freezing point 
lower than 0° C.. The following table, taken from Lupke’s Elements 
of Electro-Chemistry y exhibits the depression of the freezing point pro- 
duced by dissolving definite quantities of cane sugar in water. 


Mass of Cane^ 
Sugar dissolved in 
100 grms. of Water. 

Freezing point. 

Depression of the 
freezing point, per 
grm. of dissolved 
Sugar. 

Molecular de- 
pression of the 
freezing point. 


°c. 

°c. 


34*2 

-1-8 

0*053 

18*13 

SI *3 

-2-8 

0*054 

18 *45 

68*4 

-3*8 

0*056 

i8*8i 


The third column in the above table is obtained by dividing the 
depression of the freezing point by the corresponding mass of sugar 
dissolved in lOo grams of water. The numbers so obtained are very 
nearly constant, and would be more nearly so if the solutions had been 
more dilute. Hence we arrive at the law that the freezing point of a 
dilute solution of a particular substance is depressed below that of the pure 
solvent by an amount proportional to the concentration of the solution. 

By the concentration of the solution, we mean the mass of the dis- 
solved substance per 100 grams of the solvent. 

In order to understand the connection l^etween the freezing point 
depressions produced by various substances, the meaning of the term 
molecular weight must be firmly grasped. 

If we take the mass of an atom of hydrogen as i, then the mass 
of a molecule of hydrogen will be equal to 2. The mass of a mole- 
cule of water will be equal to (l6-f2) = 18. Similar reasoning may 
be applied to other substances. From this it follows that 2 grams of 
hydrogen will contain as many molecules as 18 grams of water. 
More generally, we may say that masses equal to the respective mole- 
cular weights of various substances will contain equal numbers of 
molecules. 

The freezing point depression produced by dissolving one gram of 
any substance in 100 grams of water may be obtained experimentally 
by the use of Beckmann’s apparatus. This operation has been per- 
formed for a large number of substances. If the values so obtained are 
multiplied by the respective* molecular weights of the dissolved sub- 
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stances, we obtain the depressions produced by dissolving equal numbers 
of molecules of those substances in equal masses of water. These values 
are termed the molecular depressions of the freezing point. 

The following table gives the molecular depressions of the freezing 
point of water for a number of dissolved substances. The numbers are 
taken from Ostwald’s Solutions. 


Aqueous Solutions. 


Dissolved Substance, 
Class I. 

Molecular 

Depression. 

Dissolved Substance, 
Class II. 

Molecular 

Depression* 


“C. 


'C. 

Methyl alcohol . . 

17*3 

Hydrochloric acid 

39*1 

Ethyl „ 

I7’3 

Nitric ,, . 

35-8 

Glycerine .... 

17*1 

Sulphuric ,, . 

38-2 

Cane sugar . . . 

i 8 -s 

Caustic potash . . 

35 *3 

Acetic acid . . . 

lO’O 

Caustic soda . . 

36 '2 

Tartaric ,, ... 

195 

Potassium chloride 

33*6 

Citric ,, ... 

J9‘3 

Sodium chloride 

35*1 

Average molecular 
depression ... 

< 

18-3 

Average molecular 
depression , . . 

■■■, — 

36-2 


An examination of the above table shows that substances soluble in 
water may be divided into two classes, according to their molecular 
behaviour in depressing the freezing point. In the first class, of which 
cane sugar is a typical example, the molecular depression is practically 
constant, and has an average value of 18*3'’ C. Thus, solutions contoining 
equal numbers of molecules of the various substances in Class /., dissolved 
in equal masses of water, will possess the same freezing point. 

The substances in this class, when dissolved in water, form electrically 
non-conducting or badly conducting solutions. 

Solutions of the substances in the second class are good electrical 
conductors. The average molecular depression, of the freezing point 
amounts to 36*2“ C., very nearly double of that obtaining in the first class. 
Thus, we see that a solution comprising a given numlrer of molecules ot 
caustic soda in 100 grams of water will possess the same freezing point 
as a solution comprising double the number of molecules of cane sugar 
in 100 grams of water. 

This has led to the hypothesis that substances similar to those in Class 
II. become dissociated, or split up into simpler elements, when dis- 
solved in water. Thus potassium chloride, when dissolved in water, is 
supposed to be split up into separate atoms of potassium and chlorine 
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respectively. This assumption has received considerable support from 
study of the electrical conductivities of solutions.^ 

Crystallisation of Super-saturated Solutions. — Expt. 43. — 
Add crystallised sodium sulphate to boiling water till no more will 
dissolve. Pour the hot solution into a clean flask, place a thermometer 
with its bulb in the solution, and plug up the mouth of the flask with 
cotton wool. Place the flask where it will be free from disturbances 
or mechanical vibrations till the solution has cooled to the tempera- 
ture of the room. You will then have a super-saturated solution of 
sodium sulphate. If a small crystal of the same substance be dropped 
into the liquid, crystallisation will occur, a considerable rise in tempera- 
ture being indicated by the thermometer. The heat given up by the 
sulphate in crystallising bears an obvious resemblance to the latent heat 
of fusion of ice. 

Freezing* Mixtures. — We have seen that when sodium 
sulphate crystallises out from a supersaturated solution, a con- 
siderable rise in temperature occurs, indicating an evolution 
of heat. Conversely, heat is absorbed and the temperature 
lowered, when sodium sulphate is dissolved in water. If the 
crystals are finely powdered to start with, and are added to 
tolerably cold water, a temperature as low as -15° C. can be 
obtained. 

If ice and common salt are mixed, the temperature of the 
liquid produced may fall to -22'^C. If four parts (by weight) 
of crystalline calcium chloride are added to three parts (by 
weight) of ice, a temperature of - C. can be obtained. 

Freezing of Salt Solutions. —Guthrie found that if a dilute solu- 
tion of salt and water is gradually cooled, a small quantity of pure ice 
is formed at some temperature below 0 ° C., which varies with the 
strength of the solution. As the temperature falls, more ice separates 
out, the salt solution thus becoming more concentrated. At a certain 
point the solution becomes saturated, and the whole then crystallises 
out. This always happens at - 22° C. The substance finally obtained 
appears to be a definite chemical compound, analysis always yielding 
results of the form of NaCl + »H20. It is termed a Cryohydratc. 
If a saturated salt solution be taken to start with, crystals of cryo- 
hydrate are deposited as it is cooled, the whole finally becoming solid at 
— 22“ C. This is the limiting temperature to which a salt solution 

' The student wishing to pursue this subject further is referred to Lflpke’s Electro- 
Chemistry^ Whetham’s Solution and Electrolysis^ Nernst’s Theory 0/ Chemistry, or 
the works of Ostwaldk 



172 HEAT FOR ADVANCED STUDENTS chap. 


can' be cooled without solidification occurring, as the success of a 
freezing mixture, made from a mixture of ice and salt, depends on 
the constituents dissolving,-— 22® C. is the lowest temperature which can 
be obtained by this means. 

Change of Volume on Solidification.— Many sub- 
stances contract on solidification. Solid paraffin wax sinks to 
the bottom of liquid paraffin wax, thus showing that its density 
is greater, and consequently that the volume of a given mass is 
smaller in the solid than in the liquid state. The deep de- 
pression in the surface of paraffin wax which has been allowed 
to cool in an open vessel is due to the same cause. Aluminium 
contracts to such an extent during solidification, that special 
precautions must be taken in casting with that metal, in order 
to prevent the formation of holes. On the other hand, water, 
bismuth, type metal (a mixture of lead and bismuth), and several 
other substances expand during solidification. 

The expansion of water during freezing is answerable for the 
bursting of pipes and the occasional splitting of trees, but also 
serves the useful purpose of disintegrating hard soils. Ponds 
and lakes freeze from the surface downwards, owing to the facts 
that 4*^0. is the temperature of maximum density of water, and 
that ice is less dense than water at C. 

The sharpness of outline necessary for printing type could not 
be obtained, except for the fact that type metal in solidifying 
expands and fills every corner of the mould. Cast iron assumes 
a pasty condition before solidifying, expanding at the same time ; 
subsequently a contraction takes place. Much of the perfection 
attainable in iron castings is due to the former fact. The surface 
of an iron casting will often exhibit a complete copy of the grain 
of the wood used in making the pattern. 

Bunsen's Method of Determining the Expansion of 
Water on Solidifying. 

Expt. 44.— Take a piece of glass tubing, about a foot long and of 
about internal diameter, and draw one end out into a fine capillary 
tube. Subsequent success will largely depend on the walls of this 
capillary tube being thick near the junction with the larger tube. Hence 
the glass should be well melted, being continually turned in a hot blow- 
pipe flame, to allow the glass to thicken up before it is pulled out. 

The large tube is then heated at a distance of about six inches from 
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the commencement of the capillary tube, and after being slightly drawn 
out, is bent into a U as shown in Fig. 78. No great difficulty will be 
found in this operation if the glass is well heated and allowed to thicken 
before being pulled out. A constriction is made at A, and the capillary 
tube is bent at D near its junction to 
the wider tube, as shown in the figure. 

Pour some clean mercury into the 
open end of the tube till it stands at a 
height of two or three inches in either 
limb. Run this mercury backwards 
and forwards to remove any air bubbles 
clinging to the glass. Weigh the tube 
and mercury, and write down the value 
you obtain. 

Boil some distilled water in a beaker 
for several minutes so as to expel the 
dissolved air. Then place the end E 
of the capillary tube DE l)elow the 
surface of this water, and tilt the U-lube 
so that an excess of mercury runs into 
the tube DC. On bringing the limbs of the U-tube into a vertical 
position, water will run into DC through the capillary tube. Repeat 
thc.se operations till the space above the mercury in DC is entirely filled 
with water. It is best to subsequently lx)il this water by heating the 
tube DC with a Bunsen burner, so as to expel the last traces o 
dissolved air. 

Clamp the U-tube in a vertical position, the end of the capillary tube 
still remaining under water. Heat the capillary tube gently just below 
D with a mouth blow'-pipe ; when the water near this point has been con- 
verted into steam, increase the temperature of the flame till the tul>e fuses, 
when the capillary tube may be pulled off. Expel the water from this 
capillary tube, and weigh it together with the U tube and its contents. 
You can thence obtain the mass of the enclosed water. 

Pour mercury into the open end of the U-tube till its surface is about 
level with a scratch previously made on the tube at the constriction A. 
Then place the whole arrangement in a beaker filled with clean snow 
or ice shavings. After it has stood long enough for you to feel satisfied 
that the contents have reached 0“ C., pour mercury in till the surface is 
exactly level with the scratch in the constriction. 

In order to freeze the water, a small paper funnel is placed over the 
end D of the limb DC which contains the water, and a mixture of 
calcium chloride and ice is poured into this funnel. When freezing has 
commenced, a little calciuni' chloride should be added to the ice sur* 



Fit;. 78. — Apparatus tor deter- 
mining the expansion of water 
on free2ing. 
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rounding the U-tube. The water will then solidify downwards, thus 
avoiding any risk of fracture from the expansion of the water in 
freezing. The ice formed should be quite clear, and free from striations 
or air bubbles. 

When the freezing has been completed, quickly wash the outside ol 
the tube in ice cold water, and then place the whole arrangement in a 
beaker, and surround it with pure snow or ice shavings. It should be 
left there for nearly an hour to ensure that the whole of the contentsthave 
once more reached a temperature of o“ C. It w'ill then be found that 
the surface of the mercury stands at some distance above the scratch in 
the constriction A. Transfer this mercury, by the aid of a small pipette, 
into a weighed watch glass, leaving the surface once more level with the 
scratch. Obtain the mass of the mercury you have removed. The 
volume occupied by this mass of mercury at 0“ C. will be equal to the 
increase of volume undergone by the contained water at 0° in changing 
to ice at o”. I gram of mercury at 0° C. occupies a volume of 
0*073553 c.cs. I gram of water at 0 ° C. occupies a volume of 
1-00013 c.cs. 

Finally, you must calculate the increase in volume experienced by 
I c.c. of water at 0° C. in changing into ice at o® C. 

Bunsen found that i c.c. of water at C. occupied a volume of 
I *090 c.c. when frozen. Roughly we may say that ten volumes 
of water at 0° C. occupy eleven volumes at the same temperature 
when frozen. 

Erman and Kopp’s Experiments.— A quantity of ice 
was contained in a thermometer bulb, a liquid which did not 
mix with water filling the remainder of the bulb and part of the 

stem. The apparent expansion of the 
liquid in the bulb being known, the 
volume changes undergone by the 
ice, either when cooled below C. or 
heated to a higher temperature, could 
be determined. It was found that ice 
contracts when cooled below C., its 
mean co-efficient of expansion per 
degree centigrade being o’oooo57. 
The change in volume on melting was 
found not to take place suddenly, 
but to follow a curve, such as Fig. 79. This curve is 
not, however, drawn to scale, but is intended only to indi- 
cate the nature, and not the extent of the volume changes. 



0 * 4 * 

TunptraUire 


Fig. 79. — ^Volume changes of 
water near its freezing point. 
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Many other substances showed a similar contraction on 
melting. 

Force called into play by the Expansion of 
Water on Freezing. — When water is frozen the force 
called into play by the change of volume will burst strong 
metal vessels. 

Expt. 45.— Seal one end of a glass tube of about diameter, and 
draw the other end out into a thick-walled capillary tube. Fill the 
vessel so formed with water in the manner detailed, when the method 
of filling a weight thermometer was described (p. 87). Allow the 
water to cool, and then seal off the capillary tube. Place the vessel in 
a wooden bowl, and surround it with a mixture of ice and salt. Cover 
the bowl with a duster to prevent the possibility of pieces of the glass 
being projected into the room. After a few minutes the bursting of the 
tube will be announced by a characteristic noise. 

In a similar manner cast-iron shells can be burst. 

Bunsen’s Ice Calorimeter.— A measurement of the 
alteration which occurs in the volume of a certain quantity of 
ice and water at o'^ C., may be used 
to determine the amount of ice which 
has been melted, and hence the quan- 
tity of heat which has been communi- 
cated to the mixture. Bunsen’s Ice 
Calorimeter, Fig. 80, is designed on 
these principles. 

A cylindrical test tube A is sur- 
rounded by a larger cylindrical glass 
vessel BC, the two being fused to- 
gether at B. The lower end of BC is 
connected to a bent tube CDEF, fur- 
nished with a collar at F. 

The upper part of the vessel BC is 
filled with pure distilled water, some of 
which has been frozen into an ice 
sheath surrounding the inner test 
tube. Below this water, and filling the 
tube DEF, is pure mercury. A fine graduated capillary tube 
GH is pushed through a cork closing the upper end of EF. 
The mercury meniscus c^n be brought to any point in GH, by 



Fig. 80. — Bunsen’s ice 
calorimeter. 
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pushing the capillary tube further through the cork, or with- 
drawing it, as the case may require. 

The water is initially introduced into BC by inverting the 
apparatus, placing the end F of the tube EF below the surface 
of boiling distilled water, and alternately heating and cooling 
BC. The water in BC is finally boiled to remove any trace of 
air. The end F of the tube EF is then placed beneath the 
surface of some pure mercury, and some of the water in BC is 
boiled off. On cooling, mercury fills the lower part of BC and 
the tube EF. 

In order to freeze the ice sheath, it is best ' to cool the whole ap- 
paratus to o” C. , and then to introduce some solid carbon dioxide into 
the inner tube. This produces intense local overcooling, and conse- 
quently some ice crystals separate out. The ice sheath is then made 
to grow to the required size by pouring ether into the tube A and blow- 
ing a current of air through it. These precautions are necessary, since 
ice does not commence to form until a temperature far below 0° C. has 
been attained (see p. 167), whilst when the ice has once commenced to 
separate out, if the whole of the water in BC is at the same low tem- 
perature, the freezing may take place with sufficient rapidity to burst 
the vessel. 

The whole of the apparatus is then surrounded with pure 
snow ; if ice shavings are used these will generally be at a 
temperature slightly below 0° C., owing to the presence of im- 
purities, so that a progressive freezing will take place in the 
water in BC. 

Errors from this cause may be avoided, as was suggested by 
Prof. C. V. Boys, by separating the ice shavings from the walls 
of the vessel BC by means of an air jacket. 

A small amount of ivater or other liquid at 0° C. is introduced 
into the tube A In aetermining specific heats, a small weighed 
Quantity of a solid is heated to any desired temperature, and 
then quickly dropped into the water in A. As the density of 
water increases up to 4° C., the heated water will sink to the 
bottom of A, and communicate its heat to the ice sheath, some 
of which will consequently be melted. The amount melted is 
determined by noticing the initial and final position of the 
meniscus in GH. 

1 Mond, Ramsay, and Shields, “ On the Occlusion of Oxygen and Hydrogen by 
Platinum Black," Part II., Phil, Trans. ^ vol. 190 (1897^, p. 131. 
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The necessary calculations may be performed as follows : — 

From Bunsen’s experiments, we know that 1,090 c.cs. of ice at o" C. 
form 1,000 c.cs. of water at the same temperature. Further, 1,000 c.cs. 
of water at 0 ° C. will possess a mass of 1,000 grams (approximately). 
Therefore, corresponding to a decrease of volume of (1,090- 1,000) = 
90 c.cs., due to the melting of ice at o°C, to water at the same tempera- 
ture, an amount of heat equal to 1,000 x 80 = 80,000 therms must have 
been communicated. 

Hence, finally, for a decrease of i c.c., as indicated by the motion of 


the mercury meniscus, a quantity of heat equal to 


80,000 

90 


888*9 


therms must have been communicated. 


With a fine capillary tube the communication of ‘i therm 
may produce a motion of the mercury meniscus through 
I millimetre, so that the sensitiveness of this apparatus is suf- 
ficiently manifest. It is particularly suitable for the determination 
of specific heats of substances of which small quantities only 
can be procured. Thus Weber used Bunsen’s ice calorimeter 
to determine the specific heat of the diamond. ■ 

Effect of Pressure on the Melting Point. — In the case 
of a substance like water, which expands on solidifying, it is 
obvious from general principles that an increase of pressure 
will tend to oppose expansion, and therefore, presumably, to 
hinder the occurrence of solidification. ' 

In other words, we might expect an increase of pressure to 
necessitate a lower temperature being attained before water 
would solidify, or that increased pressure would lower the 
freezing point of water. 

In the case of substances like paraffin wax which contract on 
solidifying, we might expect an increased pressure to raise the 
melting point. 

The theoretical investigation of the extent of'this variation of the 
melting point with pressure was originally carried out by Professor 
James Thomson. An account of this will be found in Chap. XVII. 
We will here consider only the experimental verification of the con- 
clusions arrived at, which was undertaken by Professor James Thomson’s 
brother, now Lord Kelvin. 

A strong glass case, provided with a metal cap fitted with a 
screw piston E, Fig. 81, was filled with a mixture of clean ice 
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and distilled water. A sensitive sulphuric ether thermometer, 
inclosed in a case A to protect it from the straining influence of 

high pressures, was used to 
determine the temperature of 
the mixture at any moment. 
A lead ring BB was used to 
keep a space clear from ice 
so that the thermometer could 
be read. The pressure to 
which the ice was subjected 
was read by means of a tube 
closed at one end, and placed, 
while full of air, in an inverted 
position in the water. 

If an increase of pressure 
lowers the melting point of 
ice, when the piston E is 
screwed down the contained 
mixture at o° C. will be above 
the melting point of the ice. 
Thus a certain amount of ice 
will melt, the necessary heat 
being abstracted from the rest 
of the mixture. Consequently 
the temperature indicated by 
the thermometer will fall, till 

freezing point of water by pressure. (P.) the nCW melting poiut of the 

ice is attained. Similarly, when 
the pressure is released, the thermometer will indicate a rise of 
temperature. 

The experimental results obtained by Lord Kelvin arc contained in 
the following table : — 


Pressure 

Fall of temperature 

Fall of temperature 

Difference. 

observed. 

observed. 

calculated. 

8*1 atm. 

o’lob" F. 

0*109° F. 

— 0*003° F. 

i6*8 ,, 



0*232'’ F. 

i 

0*227“ F* 

+ 0 005“ F. 



H t . L<q(i :ipj>rtratus for 

llu- dt ptcssioii ot the 
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Professor Dewar has more recently determined the depression of the 
melting point of ice as o*cx>72“ C. per atmosphere increase of pressure. 

Bunsen has found that paraffin wax, which melted at 46*3“ C. under 
atmospheric pressure, melted at 49*9'* C. under a pressure of 100 
atmospheres. 

Regelation. — 

Expt. 46. — Take two pieces of ice and press them closely together. 
On releasing the pressure it will be found that they are frozen on to 
each other. This will occur even when the pieces of ice are pressed 
together under warm water. 

Faraday was the first to notice the peculiar property of ice de- 
termined from the above experiment. The explanation is quite 
obvious when we remember that at the point where the pieces 
Of ice are pressed together, the melting point of the ice will be 
lowered by the pressure, and some of the ice will melt, the 
temperature in the neighbourhood of the point meanwhile 
falling. On releasing the pressure the freezing point of the 
water will rise, and the water will solidify. 

Expt. 47. — Take a block of ice about 12" x 8" x 8", and support 
it so that it bridges across the space between two tables. Pass a loop 
of thin copper wire, to which is attached a mass of about 28 lbs., over 
the block of ice. It will be found that the wire slowly cuts its way 
through the ice, without, however, dividing the block into two 
pieces. 

The explanation of this experiment is as follows : — The ice immedi- 
ately under the wire is subjected to a considerable pressure, so that its 
melting point is reduced and liquefaction takes place. The wire, of 
course, displaces the water formed, the latter solidifying as soon as it 
has reached the other side of the wire, and the pressure to which it was 
subjected is removed. 

We thus have ice melting under the wire, accompanied, of course, by 
a fall of temperature, whilst solidification is continually taking place 
above the wire accompanied by a corresponding rise of temperature. It 
is clear that if heat can be conducted from the upper to the lower side 
of the wire, the rapidity with which the latter moves will be increased. 
This explains why a copper wire, which is a good conductor of heat, 
will cut through the ice more quickly than an iron wire, which is a very 
much worse conductor. A piece of string will not cut through the ice 
at all. 

When snow is pressed in the hands, it can be converted into a solid 

N 2 
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block of ice, provided its temperature is not below 0“ C. If the tempera* 
ture of the snow were - 1“ C., a pressure of 143 atmospheres would be 
required to liquefy it. Consequently, in keenly frosty weather snow- 
balls cannot be made, though the pressure of the wheels of a heavy cart 
may leave lines of ice along the road. 

Snow or powdered ice, enclosed in a suitable vessel, may be con- 
verted into a mass of clear transparent ice by the application of 
pressure. 

Skating. — Professor Joly' has pointed out that to the above pheno- 
mena, depending on the lowering of the melting point of ice by pressure, 
may be added those attending skating, i.e.^ the freedom of motion and, 
to a great extent, the “ biting ” of the skate. 

The pressure under the edge of a skate is very great. The blade 
touches for a short length of the hog-back curve, and, in the case of 
smooth ice, along a line of indefinite thinness, so that until the skate 
has penetrated some distance into the ice the pressure obtaining is grea^ ; 
in the first instance, theoretically infinite. But this pressure involves 
the liquefaction, to some extent^ of the ice beneath the skate, and pene- 
tration or “bite” follows as a matter of course. As the blade sinks, 
an area is reached at which the pressure is inoperative, i.e.^ inadequate 
to reduce the melting point below the temperature of the surroundings. 
Thus, estimating the pressure for that position of the edge when the 
bearing area has become xV of a square inch, and assuming the weight 
of the skater as 140 lbs., and also that no other forces act to urge the 
blade, we find a pressure of 7>ooo lbs. to the square inch, or 466 atmo- 
spheres, sufficient to ensure the melting of the ice at -3'5“ C. With 
very cold ice, the pressure will rapidly attain the inoperative intensity, 
so that it will be found difficult to obtain “bite” — a state of things 
skaters are familiar with. But it would appear that some penetration 
must ensue. On very cold ice, “ hollow-ground ” skates will have the 
advantage. 

This explanation of the phenomena attending skating assumes that 
the skater, in fact, glides about on a narrow film of water, the solid 
turning to water wherever the pressure is most intense, and this water, 
continually forming under the skate, resuming the solid form when re- 
lieved of pressure. 

Formation of Glaciers. — Snow accumulates to great 
depths at points above the snow line, so that the lower layers, 
which are subjected to great pressures due to the super- 
incumbent masses, are melted and squeezed out, solidification 

r Nature ^ March 23, 1899. Proe. Roy. Dublin Society^ v. p. 453, z886. 
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taking place as soon as the water formed has escaped. Thus, 
in high mountains we have huge streams of ice continually 
supplied from the snow above the snow line. 

Motion of Glaciers. — Glaciers are found to move down 
the sides of mountains, the upper layers moving faster than the 
lower ones, and the centre more quickly than the sides. Three 
main theories have been proposed to account for this motion. 

1. The action of gravity will of course produce great pressures in 
certain parts of the ice, and at these points liquefaction will occur, 
solidification taking place when the motion of the ice has relieved the 
strain. According to this view, which was strongly advocated by the 
late Professor Tyndall, the motion of a glacier is entirely due to the 
liquefaction of the ice at points subjected to great stresses. Fissures 
may in extreme cases be formed, but these will once more become 
frozen up if the sides are pressed together. Sometimes two tributary 
glaciers meet each other at some point in their courses, and proceed 
afterwards as a single glacier, lx)th becoming frozen together, a track of 
stones and debris alone marking the line of separation of the two streams 
of ice. 

2. According to Professor Forbes, we must consider ice to partake 
somewhat of the properties of a plastic solid. Every one has seen 
candles which have become considerably bent under their own weight, 
especially in warm weather, although melting has not occurred. Sticks 
of sealing wax will bend in a similar manner. A long bar of ice when 
supported at its ends and weighted near its centre will also become bent. 
According vto Professor Forbes, the motion of a glacier differs only in 
degree from that of a stream of treacle running down an incline. 

3. Canon Moseley attributes glacier motion to temperature variations. 
Thus, when ice below 0° C. is heated, it expands ; it will naturally 
expand so that its lowest part moves downwards, since an upward 
motion would necessitate the lifting of great masses of ice in opposition 
to the force of gravity. On the other hand, when cooling takes place, 
a contraction will occur, and the higher portions of the glacier will be 
pulled downwards. Thus a glacier gradually creeps downwards, just 
as sheets of lead on slanting roofs have been observed to do. The upper 
surface of the glacier being heated most, will move the fastest. 

According to Koch and Klocke, glaciers move steadily downwards 
during the afternoon, a slight backward motion occurring at night. In 
the morning hours the motion is irregular. 

There seems little reason to suppose that the actions contemplated in 
the above three theories do not take place simultaneously. The extent 
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to which any one cause is operative will of course vary for different 
glaciers, and even for different parts of the same glacier. Thus, cases 
are known where a glacier falls over a precipice ; the ice breaks 
away above and recombines below. Here regelation is unquestionably 
the chief agent. On the other hand, the motions observed by Koch and 
Klocke can hardly result from anything but temperature changes. 

Evaporation. • 

Evaporation. — It may here be worth while to anticipate to 
a small extent the principles detailed in the chapter devoted to 
the kinetic theory (Chap. XIII). Chemists have shown that we 
must consider all material substances to consist of molecules, 
each of which may comprise a number of atoms. According to 
the kinetic theory, these molecules are in rapid motion among 
themselves. In a solid it is probable that the molecules vibrate 
about a constant mean position. In liquids a molecule can 
move from any one position to any other, being hindered only 
by the frequent collisions with other molecules which occur. In 
a gas, the molecules being much more sparsely scattered, fewer 
collisions occur, and consequently a molecule will move from 
one position to another in much less time. 

In the case of a liquid, the molecules are so close to each 
other that considerable forces are exerted between them. A 
molecule in the middle of a quantity of liquid will on the 
average be pulled in all directions simultaneously to about an 
equal extent. When, however, a molecule is situated near the 
surface of a liquid, the number of molecules pulling it back into 
the liquid will exceed those pulling it toward the surface. Con- 
sequently the surface of a liquid will be drawn inwards, and will 
for this reason act somewhat like an elastic membrane. This 
accounts for the fact that a drop of water can hang on the 
under side of a horizontal plate of glass without falling to the 
earth. 

This straining action exerted on the surface of a liquid, and 
tending to reduce its area, is termed the surface tension of the 
liquid. 

It has been found possible to explain the greater number 01 
the phenomena connected with heat, by supposing that the 
molecules of a body are in more violent agitation when the body 
is hot than when it is cold. Indeed, the heat contained by a 
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body is considered to be merely the kinetic energy of its con- 
stituent molecules. 

We are at liberty to consider that in a liquid at a constant 
temperature, a molecule may be moving with greater velocity at 
one moment than at another, and therefore, that at any instant 
some molecules are moving more rapidly than the rest. A mole- 
cule moving with great velocity might escape from the surface of 
a liquid, even though the greater number of molecules near it 
were pulled back into the liquid as previously described. If the 
temperature of the liquid is high enough, most of the molecules 
near the surface can readily escape ; the liquid is then at its 
boiling point, and evaporation takes place freely. But evapora- 
tion may take place at much lower temperatures, as is proved 
by the fact that in countries where snow lies long on the ground, 
the whole of a fall of snow may gradually disappear without 
the temperature rising above o" C. In this and similar cases 
the molecules which escape are those possessing at the instant 
the greatest velocity perpendicular to the surface. 

Vapour. — The molecules which have escaped from the 
surface of the liquid, thenceforth exist in a state somewhat 
similar to that pertaining to the molecules of a gas. When, 
however, a substance can exist in a gas-like and liquid state at 
the same temperature, the term vapour is applied to the 
aggregate of the molecules in the free or gas-like condition. The 
distinction between vapours and gases will be further dealt with 
in the next chapter. 

If evaporation takes place into a closed space, some of the 
molecules of the vapour, after wandering about for a time, will 
strike on the surface of the liquid, and be again drawn into it. 
Other molecules will, however, be escaping, and it is clear that 
after a certain time a state of equilibrium will be reached, in 
which as many molecules return to the liquid in a second as 
leave it in that time. The vapour is then said to be in a 
saturated condition. 

When, however, a saucer full of water is placed in an open 
room, the vapour which leaves the surface of the water is hardly 
likely to return to it. If the air in the room is not saturated 
with water vapour, more molecules will leave the water than re- 
turn to it from the atmosphere. In this case evaporation will 
continue till the water has disappeared. 
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Mist. — Some vapours, such as those of iodine and bromine, 
as well as the gas chlorine, are coloured ; but the vapour of a 
colourless liquid is generally transparent. Thus, steam is 
transparent, as may be seen by examining the space above 
boiling water in a glass flask. When steam is condensed into a 
number of very small drops of water, a cloud or mist is formed. 
It is really a mist, or a collection of finely divided water drops, 
that is seen issuing from the spout of a kettle. The con- 
densation of steam or vapour of water into mist has been found 
by Aitken to depend on the presence of fine particles of dust in 
the atmosphere. More recently Mr. C. T. R. Wilson has found 
that a ray of ultra-violet light will condense saturated water 
vapour to mist. 

Cold produced by Evaporation. — Since the molecules 
which leave a liquid during evaporation are moving with more 
than the average velocity of the remaining molecules, the energy 
of the latter will decrease with every molecule that escapes. In 
other words, the water left in the saucer will become continually 
colder, unless heat is communicated from external sources. 

Expt. 48. — Place some water in a shallow dish, and support this 
above a larger dish containing strong sulphuric acid, the whole being 
placed under the receiver of an air pump. On exhausting the receiver, 
evaporation will take place rapidly from the water, the vapour being 
continuously absorbed by the sulphuric acid. When the pressure has 
been sufficiently reduced the water will commence to lx>il, losing heat 
so rapidly thereby that the remainder shortly afterwards becomes 
frozen. 


Expt. 49. — Place some ether in a beaker, and stand this on a piece of 
wood on which a pool of water has been collected. Blow air through a 
glass tube, the end of which dips below the surface of the ether. By 

this means rapid evapora- 
tion of the ether is facili- 
tated. The cold produced 
will freeze the water 
below the beaker. 

Wollaston’s Cry- 

Fic. 83.— Wollaston's cryophorus. ophorus. — This is a 

piece of apparatus 
consisting of two bulbs (Fig. 82) connected by a tube. Ofie 
of the bulbs contains water, the « remainder of the space en- 
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closed in the apparatus being freed from air. If the bulb A 
be placed in a mixture of ice and salt, the extreme cold will 
condense the vapour contained in it. More vapour will leave 
the water in the other bulb, to be condensed in its turn. The 
cold produced by the continual evaporation will finally freeze 
the remaining water. 

Carry’s Freezing Machine. — This is constructed so that 
the space above the water contained in a flask C (Fig. 83) can 



be exhausted of air by a pump A, whilst the aqueous vapour 
which is given off is absorbed in a vessel B, containing strong 
sulphuric acid. The walls of the vessel are made of an alloy of 
antimony and tin which is not attacked by the acid. 

In another form of freezing apparatus, also invented by Carre, an 
aqueous solution of ammonia is first heated to about 130° C. in a stroff^ 
iron vessel A, Fig. 84, the ammonia which is expelled being condense(^l 
in the space between the doulde walls of the vessel 1>, whieh is sur- 
rounded with water. When sufficient ammonia has been distilled over 
in this manner, the vessel A is cooled by I icing surrounded with water. 
The ammonia evaporates from the vessel D, which consequently falls in 
temperature, water which has been previously placed in K, the central 
compartment of D, being thereby frozen. 
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In the large towns of the southern states of North America, where ice 
is almost a necessity of daily use, pipes supplying liquid ammonia, and 
others through which the va|X)ur can return to a central cooling 
apparatus, are laid on to the houses. 

At Niagara in London, ice for skating is produced throughout the 



Fig. 84.— Carre's system of refrigeration by the evaporation of liquid ammonia. (P). 


year by causing strong brine, which has been cooled in an apparatus 
similar to that just described, to circulate through pipes which traverse 
a shallow basin initially filled with water. 

Ebullition ok Boiling 

Expt. 50. — Take a flask containing about 50 c.cs., clean it with 
strong sulphuric acid, and then half fill it with water, and place it on 
a sand bath alx)ve a Bunsen burner. Note the changes which take 
place in the water in the flask. They will be somewhat as follows : 

1. Small bubbles will be form^ on the inside of the walls of the 
flAk, growing larger by degrees, and finally ascending to the surface 
of the water. These are bubbles of air driven out of solution by 
heating. 

2. Bubbles will commence to form, probably at some particular p»oint 
of the bottom of the flask, and will rise towards the surface of the water, 
collapsing with sharp clicks before reaching it. These are bubbles or 
steam condensed by the water which has not everywhere reached the 
boiling point. 
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3. After a time the bubbles cease to collapse in the water, but burst 
on the surface. The water is now boiling, or is in a slate of 
ebullition. 

Continue the heating for some time. It may happen that the bubbles 
no longer stream off from a particular point, but that ebullition occa- 
sionally ceases for several seconds, a large volume of steam being then 
suddenly formed, which throws the water violently upward in the vessel. 
This phenomenon is termed bumping. Place a thermometer so that its 
bulb dips into the liquid. Notice the temperature indicated when the 
water is boiling by bumping. Then lower a small fragment of coke or 
broken flower pot, attached to a piece of cotton, into the water. 
Notice that bubbles of steam are at once given off from this piece of 
coke or porous earthenware, and that bumping ceases. Your ther- 
mometer will probably indicate that the temperature of the water has 
fallen. 

In the case of a liquid to which heat is continuously com- 
municated, in order that a stationary temperature (termed the 
boiling point of the liquid) should be attained, heat must, as 
fast as it is communicated, be absorbed or rendered latent in 
the conversion of the liquid into vapour. When no bubbles of 
vapour are formed in the interior of the liquid, vaporisation can 
only take place at the free surface. The temperature of the 
main bulk of the liquid may therefore rise considerably above its 
boiling point. 

The way in which porous substances act in promoting the free evo- 
lution of vapour is not exactly known. It would at first sight appear 
probable that the action is due to air contained in the cavities of the 
substance, the more so, as small pieces of fine capillary tube exercise a 
similar influence. According to this theory, the molecules of the liquid 
escape into the small volume of air just as those near the free surface 
escape into the atmosphere. Mr. Charles Tomlinson has shown, how- 
ever, that a fine wire gauze cage filled with air could be lowered into 
superheated water without ebullition occurring. On the other hand, 
water, which was heated above its normal boiling point, was thrown 
into violent ebullition when its surface was touched by a slip of paper, 
a piece of wire, or the end of a glass rod. When a glass rod was 
entirely immersed in it, steam was at first given oflf from the whole of 
its surface, but after a time only a couple of minute specks in the glass 
remained active. A piece of flint immersed in the liquid was active 
over its entire surface, but on being broken in two no steam was given 
off from the freshly formed surfaces. A rat-tailed file, which at first was 
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extremely active in promoting ebullition, was rendered inactive by being 
heated in a spirit lamp and cooled in the vapour above the liquid. 

The conclusion arrived at by Mr. Tomlinson wa?, that the activity of a 
surface in promoting ebullition is proportional to its want of chemical 
cleanness. Thus, the freshly formed surfaces of the broken flint were 
chemically clean, whilst those which had been for a long time in con- 
tact with the atmosphere were chemically dirty. This explanation, when 
carefully considered, is not quite as definite as it.appears at first sight. 
Chemically, dirt is matter in the wrong place, t.e.y matter where we 
don’t want it. According to Mr. Tomlinson, a rod of metal with a 
clean surface would be inactive in producing ebullition ; on the other 
hand, a trace of that metal obtained by rubbing the rod on the clean 
surface of a broken flint would constitute chemical dirt, and ought to 
promote ebullition. It is known that substances like glass condense 
on their surfaces layers of gas. Perhaps it is this layer which is active 
in promoting ebullition. 

If a glass of fresh soda-water be examined, it will be found that 
bubbles of gas are given off from small points on the surface of the glass. 
A piece of porous earthenware, or a lump of sugar, will be found to 
promote the evolution of the gas. 

Experimental Determination of Boiling Points.— 
From what has previously been said, it appears that the tern- . 
perature of a liquid may, in certain circumstances, rise con- 
siderably above its normal boiling point. Consequently it is 
only in determining the boiling points of solutions that the ther- 
mometer is placed in the liquid, and some arrangement must 
then be made to promote free ebullition. 

The usual method of determining the boiling point of a pure 
liquid is to place the bulb of the thermometer in the vapour 
given off during ebullition. The space containing the thermo- 
meter should be jacketed in the manner described in connection 
with the determination of the boiling point of a thermometer 
(p. II). 

The actual temperature of the vapour above a boiling solu- 
tion is generally slightly lower than the temperature of the 
solution. Thus above a salt solution, the temperature of which 
is ilo'^C., the steam may reach a temperature, say, of 105® C. 
A thermometer placed in this steam will, however, indicate a 
temperature of 100° C. The reason of this is, that the steam 
condenses to pure water on the bulb and stem of the thermo- 
meter, and as this water has a large surface, any further heat 
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communicated will cause part of the water to evaporate without 
a rise of temperature occurring. 

On the other hand, if the temperature of the thermometer 
falls below 100° C., steam will be condensed on it, and the 
temperature will be raised by the latent heat rendered up. 

In order to provide a larger surface for evaporation, the bulb 
of the thermometer is often surrounded loosely with cotton wool. 

Determination of the Boiling Point of a Solution. 
— As pointed out above, a thermometer when placed in the 
steam given off from a boiling aqueous solution of a salt, will 
indicate the boiling point of the water, and not that of the 
solution. A similar law applies to solutions in general. 

In order to determine the boiling point of a solution, the 
thermometer bulb must be completely immersed. Special pre- 
cautions must be taken to prevent the occurrence of boiling by 
bumping, and the consequent rise of temperature of the solution 
above its boiling point. 

Beckmann’s Boiling Point Apparatus. — Fig. 85 represents 
cliagrammatically the essential points of Beckmann’s apparatus for de- 
termining the boiling points of solutions. A test tulxj A, provided with 
a side inlet tube B, is used to contain the solution. A piece of platinum 
wire P, is fused through the l)ottom of the test tul^, and a number of 
glass beads, G, are also contained by it. The beads and platinum wire 
serve to promote free ebullition. The bulb of a sensitive thermometer 
T, similar to that described on p. 15, dips into the solution. A spiral 
glass tube, Kj, serves to condense the vapour given off ; the condensed 
liquid runs back into the solution, so that the strength of the latter is 
maintained constant. 

The test tul)e containing the solution is surrounded by a glass vessel 
C, provided with double walls, forming a vapour jacket. A liquid, 
possessing a boiling point slightly higher than that of the solution in A, 
is placed in C ; some pieces of porous earthenware, D, serve to promote 
free ebullition, whilst the condensing spiral Kg, prevents loss of the 
liquid. 

The whole of the aboye arrangement is mounted on a stand made 
from asbestos mill-board. Two pointed Bunsen flames play on the wire 
gauze E, and the hot gases impinge directly on the lower surface of 
the vapour jacket C. Direct communication of heat to the vessel. A, is 
prevented by the double cylinder, Fj, F2, of asl)estos mill-board, and 
by a roll, H, of asbe^os paper. Thus the solution in A receives heat only 
from the liquid and vapour in the vessel C. 
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Fig. 85. — Beckmann’s boiling point apparatus. 


The solution may be introduced into the vessel A by way of the .side 
inlet tube B, the condenser K| being removed. 
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A Solution of a Non-volatile Substance will 
possess a higher Boiling Point than that of the pure 
Solvent. — The following table, taken from Lupke’s Electro- 
Chemistry^ exhibits the elevation of the boiling point produced 
by dissolving definite quantities of cane sugar in watfer. 


Mass of cane 
sugar dis* 
solved in roo 
grms. of water. 

Barometric 

pressure. 

Boiling 
point of 
water- 

Boiling 
point of 
solution. 

Elevation 
of boiling 
point. 

Elevation 
of boiling 
point per 
gram of 
dissolved 
sugar. 

Molecular 
elevation 
of boiling 
point. 

34*2 grms. 

5**3 » 
68-4 „ 
85*5 M 

746 mm. 

1746 „ 
755 .. 
755 

99 -Ss"* c. 
99-85 
99*90 
99-90 

I0035'’C. 
100*59 
100*95 
loi *22 

0*50" C. 
0*74 

1*05 

1*32 

*0146® c. 
*0144 

*0153 

*0154 

5 *00” c. 
4*93 

5*24 

5*28 


From this table it is evident that the elevation of the boiling point is 
approximately proportional to the mass of the substance dissolved. 

The molecular elevation of the boiling point is obtained by multiply- 
ing the elevation, per gram of the dissolved substance, by the molecular 
weight of the latter. If various substances are used, the molecular 
elevations will <lenote the elevations produced by dissolving equal 
numbers of molecules of the various substances in equal masses of 
water. 

It has been found that for substances which form electrical non-con- 
ducting or badly-conducting solutions in water, the molecular elevation 
of the boiling point has a constant value of about 5. Thus solutions 
comprising equal numbers of dissolved molecules in equal masses of water 
possess the same boiling point. 

In the case of aqueous solutions of substances such as sodium chloride, 
which are good conductors of electricity, the molecular elevation of the 
boiling point amounts to nearly 10. This is in agreement with the 
theory, mentioned on p. 170, that such substances ate dissociated into 
simpler elements when dissolved in water. 

Variation of the Boiling Point with Pressure.— 

The volume gccupied by a given mass of any substance is 
always much greater in the state of vapour than in that of 
liquid. In other words, a considerable expansion takes place 
during the vaporisation of a liquid. Thus i gram of water at 
100® C. occupies a volume of 1*043 c.cs. When converted into 
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Steam at ioo° C., the volume occupied at normal atmospheric 
pressure will be about 1650 c.cs. 

It is obvious that an increased pressure will tend to hinder 
this expansion, and therefore to prevent the conversion of water 
into steam. Hence a higher temperature is required to convert 
water into steam at a high pressure than would suffice at a low 
pressure. 


Expt. 51. — Take a round-bottomed flask of about 300c.es. capacity, 
half fill it with water, and boil it for a few minutes over a Bunsen flame. 



Kig. 86. — Water boiling under 
diminished pressure. 


When steam 'has been given 
off for a sufficient time for you 
to feel satisfied that the air in 
the flask has been expelled, 
remove the burner, and the 
instant ebullition ceases, close 
the mouth of the flask with a 
well-fitting indiarubber stopper. 
Invert the flask, and cool it by 
squeezing cold water on the 
bottom of it (Fig. 86). You 

will find that ebullition recom- 
mences, and can be produced 
even when the water has cooled 
very consideraltly. 

In this experiment the 
pressure of the steam or 
water vapour, at the instant 
of closing the mouth of 


the flask, was equal to the 
atmospheric pressure. On subsequently cooling the bottom of 
the flask, part of this vapour is condensed, so that the re- 
mainder exerts a pressure less than that of the atmosphere. 
Ebullition recommences because less hindrance is given to the 
formation of vapour. 


As this point is one of some importance, the following explanation, 
couched in terms of the kinetic theory, should be carefully followed. 

At the instant when the flask is clo.sed, the number of molecules re- 
turning into the liquid in a given time is just ecpial to the number 
leaving its surface in that time. On cooling the l)oUom of the flask, 
the total number of molecules in the state of vapour is enormously de- 



VIII 


CHANGE OF STATE 


193 


creased, so that fewer have an opportunity of re-entering the liquid. 
Consequently the number of molecules leaving the liquid is greatly in 
excess of the number returning to it, thus giving rise to the appearance 
of ebullition. 

In the manufacture of sugar, the aqueous solutions are con- 
centrated by boiling under diminished pressure, the necessary 
temperature being thus reduced, and charring of. the sugar 
avoided. 

A table giving the boiling point of water for various pressures 
is given on p. 27. Additional information will be found in 
Chap. XVI. 

The Hypsometer. — During the ascent of a mountain the 
limits of the atmosphere are continually approached as greater 
and greater altitudes are reached. The atmospheric pressure 
at any place is equal to the weight of the air contained in an 
imaginary tube of unit sectional area, extending vertically from 
the place in question to the furthest limits of the atmosphere. 
Hence it is evident that the barometric pressure falls as we 
ascend to greater altitudes. 

When the pressure at any stage of a mountain ascent has 
been obtained, the height of the station above the sea level may 
be calculated, or obtained by reference to tables. 

A barometer may be used to determine the required pressure. 
But as mercury barometers are somewhat cumbersome, and 
other barometers are not always to be depended upon, it is 
usual to employ other means for determining the pressure. 

The temperature at which water boils is, as we have seen, 
related to the pressure to which its vapour is subjected. Hence 
an observation of the boiling point of water may be used to 
determine the barometric pressure, and from that the height of 
the station above the sea level. 

The instrument used for determining the boiling point of 
water, in order to determine the altitude of a station, is called a 
Hypsometer. Fig. 87 shows such an instrument (made by 
Messrs. Yeates and Sons of Dublin), as a whole and in parts. 

Water is contained in a metal vessel C. This is provided with bent 
metal tubes D, communicating with its interior. A lamp A is screened 
from draughts by a case B ; the dame plays on the tubes just mentioned. 
The hot gases generated by combustion escape into the open air through 
oblique tubes E which pass through the water. 


O 
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The steam generated passes upwards through the inner of two con- 
centric metal tubes F, and thence into the space between the tubes by 

way of some holes, II, 
and finrdly escapes into 
the atmosphere by an 
aperture G. Thus the 
steam in the central tube 
is protected from loss of 
heat by means of a steam 
jacket. 

The thermometer T is 
provided with a small 
thread of mercury /, 
which is separated frorh 
the main column by a 
small bubble of air. 
When the thermometer 
is heated, the main 
column of mercury pushes 
this thread before it, but 
when it is cooled, the 
thread maintains its posi- 
tion, thus indicating the 
highest temperature at- 
tained. 

In making an obser- 
vation, the thread of 
I" iG. 87.— Hypsometer. mercury is shaken down 

as near to the bulb as 
it will go, and the thermometer is then placed in the central tube of 
F, and the water is boiled. If the extremity of the mercury column is 
visible at the top of the instrument, an observation may be made 
directly ; if not, the thermometer must be removed, and the position 
of the detached thread noted. 

Boiling under increased Pressure.— At great altitudes 
where water boils at very low temperatures, some contrivance 
must be used in order to attain a sufficiently high temperature 
to cook food. This is generally managed by using a strong 
vessel provided with a safety valve which only allows the steam 
to escape when a sufficiently high pressure has been reached. 
Thus, if water is required to boil at 100° C., it is arranged that the 
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pressure per square inch necessary to raise the valve, added to 
the atmospheric pressure per square inch, should amount to 1 5lbs. 

The boiling point of water may, when necessary, be raised to 
a considerable extent by similar means. Fig. 88 represents 
Papin’s digester. The lid of 
a strong metal vessel is held 
in position by a screw, and a 
valve is closed by means of 
a lever carrying a movable 
weight. Water may be 
caused to boil at 200'^ C. by 
subjecting its vapour to a 
pressure of 240 lbs. to the 
square inch, i.e.^ to a pressure 
of 16 atmospheres. 

The Spheroidal 
State. — 

E.kpt. 52. — 'lake a flat piece 
of sheet copper or brass, and 
support this, in a horizontal 
position, over a Bunsen burner. 

From time to time, whilst the 
plate is being heated, allow a 
few drops of water to fall on it 
from a pipette. When the plate 

is quite cool, the water will spread over it in the usual way. As its 
temperature increases, an accelerated rate of evaporation will be noticed, 

and when a certain tem- 
A peraturc has been at- 

w tained, violent ebullition 

will ensue. On still 
further heating the plate, 
a stage will be reached 
where the water, instead 
of spreading over the 
surface, or being thrown 
into ebullition, collects 
itself in small spheroidal 
drops, which run over 
the surface very much as mercury does when spilt on a table. If the 
plate is horizontal, one of these drops may be observed for a considerable 

O 2 



Fig. 88 . — P.-ipin’s Digester- 



Fig. 89. — Drop of water in the spheroidal st.^te. 
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time, and it will be found that its size decreases very slowly. If a 
luminous flame is placed in a suitable position, so that it is seen behind 
the drop by an eye placed on a level with the plate, it will be noticed 
that the drop does not touch the plate. It is, in fact, supported by a 
cushion of steam. The escape of the steam from under the drop often 
throws the surface of the liquid into beautiful undulations. 

Expt. 53. — Make a borax bead on the end of a fine platinum wire, 
and having heated this to as high a temperature as possible in a Bunsen 
flame, quickly immerse it below the surface of some water in a beaker. 
It will be observed that there is at first a shell of vapour surrounding the 
bead, which prevents the water from coming in contact with it. When 
the bead has cooled to a certain temperature, the water suddenly gains 
access to it, as is denoted by the disappearance of the shell of vapour, 
and the production of the characteristic hissing sound. 

The above experiments illustrate what is termed the spheroidal state 
of water. A laundress generally tests the temperature of her iron by 
observing whether it is sufficient to cause a drop of saliva to assume the 
spheroidal state. Jugglers were formerly in the habit of plunging their 
hands into molten lead, their immunity from burning depending on the 
moisture on their hands assuming the spheroidal state. Blacksmiths will 
often lick a bar of red-hot iron. In early times, a common form of 
ordeal was to walk on red-hot ploughshares ; many who came through 
this ordeal triumphantly must have ascribed to supernatural inter- 
vention an occurrence which was strictly in accordance with natural 
law. 

Water is not the only substance which can assume the spheroidal 
state. All liquids will do so if placed on a metal surface that is suffi- 
ciently hot. If a mixture of solid carbonic acid and ether is poured into 
a red-hot platinum crucible it will assume the spheroidal state. If 
mercury is poured on to the mixture, it will be frozen, though the 
platinum dish remains red-hot. 

Sublimation. — In certain cases a solid may change directly 
into a vapour without undergoing liquefaction. A familiar 
instance is afforded by iodine. This process is termed sublima- 
tion. Its reverse (/>., direct passage from the state of vapour 
to that of solid) occurs in the formation of hoar frost. 

The conditions which determine whether sublimation or 
liquefaction will take place may be easily understood. If the 
vapour pressure of a solid at any temperature is greater than 
one atmosphere, the substance will pass directly from the 
solid to the vaporous condition. By increasing the pressure, 
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however, the substance can be obtained in the liquid state, pro- 
vided that the change from liquid to solid is accompanied by an 
expansion. Thus arsenic, which sublimes under ordinary pres- 
sures, may be liquefied if the pressure is sufficiently increased. 

(See, also, the discussion of the triple point curves, p. 233.) 

Summary. 

Cooling Curves. — When a pure liquid is cooled, the temperature 
falls in a regular manner until solidification commences. The tempera- 
ture then remains constant until the whole of the substance has become 
solidified, when a further regular fall of temperature occurs. 

Over Cooling. — When a liquid is cooled gradually, and is protected 
from dust and mechanical disturbances, its temperature can be reduced 
considerably below its freezing point without the occurrence of solidifi- 
cation. On introducing a fragment of the solid substance, or on stirring 
the liquid violently, solidification commences, and the temperature rises 
to the melting point of the substance. 

The Freezing Point of a Solution is always lower than that of 
the pure solvent. Equal numbers of molecules of various substances 
dissolved in equal masses of. the same pure solvent, produce equal 
depression of the freezing point. Substances which, when dissolved in 
water, produce electrically conducting solutions, appear to be dissociated. 

The Solution of Crystalline Substances is generally accom- 
panied by a fall of temperature. 

Change of Volume on Solidification. — Water and several other 
substances exjxmd when solidified. 10 c.cs. of water at o" C. form 
about II c.cs. of ice at the same temperature. When ice is cooled, it 
contracts. 

In Bunsen’s Ice Calorimeter quantities of heat are measured by 
observing the alteration of volume of a mixture of ice and w'ater at o® C. 

Effect of Pressure on Melting Point. — When a substance which 
expands on solidifying is subjected to a high pressure, the melting point 
is lowered. The melting point of a substance which contracts on 
solidifying is raised in similar circumsUnces. 

Regelation. — Two pieces of ice can be frozen on to each other by 
pressing them together. The ice is melted at the point of contact by 
the pressure to which it is subjected, and freezing occurs when the 
pressure is released. 

A Glacier is a river o* ice formed from compressed snow. The 
motion of a glacier is rendered possible partly by regelation and partly 
by the plasticity of ice. Expansions and contractions of the ice under 
changes of temperature also produce important effects. 

Vapour. — When a substance existing in a ^hs-like condition cau be 
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converted into a liquid by increased pressure without any change of 
temperature, the substance is said to be in a state of vapour. 

Evaporation consists in the quiet conversion of a liquid into a 
vapour. 

Cold produced by Evaporation. —When a liquid is caused to 
evaporate quickly, under such conditions that no heat is communicated 
to it, the remaining liquid is cooled. 

Ebullition or Boiling. — When a liquid is converted into a vapour 
under such conditions that bubbles of the vapour are formed in its 
interior, the liquid is said to boil, and the process is termed ebullition. 
Under a given pressure a liquid boils at a constant temperature if small 
pieces of porous earthenware, capillary tube, &c., are placed in it. 

The Boiling Point of a Solution of a non-volatile substance is 
always higher than that of the pure solvent. In a dilute solution the 
elevation of the boiling point is proportional to the number of molecules 
dissolved in a given mass of the pure solvent. Substances which form 
electrically conducting solutions are apparently dissociated into simpler 
elements during solution. 

The Boiling Point of a Liquid is always raised by an increase of 
pressure. Water may be caused to boil at 200° C. by subjecting it to a 
pressure of 16 atmospheres. 

The Hypsometer is an instrument for determining the barometric 
pressure from the boiling point of water. It is used in determining the 
heights of mountains. 

Spheroidal State. — When a drop of a liquid is placed on a metallic 
surface heated to a sufficient temperature, it collects itself into a 
spheroidal globule separated from the surface by a cushion of its own 
vapour. 

Sublimation. — This term is applied to the direct passage from the 
solid to the vaporous state. Substances which sublime at ordinary 
pressures may be caused to melt by the application of a sufficiently high 
pressure. 


Questions on Chapter VIII. 

( 1 ) Describe an experiment to show that water can be frozen by its 
own evaporation. Under what circumstances may the freezing point 
of water and its boiling point coincide. Discuss the consequences of 
such an arrangement 

(2) Explain the method of using Bunsen’s ice calorimeter to deter- 
mine specific heats. 
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(3) Discuss the evidence that solids can evaporate, and that vapours 
can be deposited as solids without passing through the liquid state. 

(4) How does a change of pressure affect the temperature of the 
freezing point of water ? 

How is this change explained on the principles of the mechanical 
theory of heat ? 

(5) Twenty-five grams of water at 15“ C. are put into the tube of a 
Bunsen ice calorimeter, and it is observed that the mercury moves 
through 29 centimetres. Fifteen grams of a metal at 100° C. are then 
placed in the water and the mercury moves through 12 centimetres. 
Find the specific heat of the metal 

(6) Describe and explain the spheroidal state of a liquid. 

(7) Describe the phenomena observed during the fusion or solidifica- 
tion of an alloy of two metals, and give some explanation of the 
phenomena. 

(8) Explain in what way the melting points of bodies are affected by 
pressure. Illustrate your answer by reference to the case of water and 
wax. 

(9) Explain exactly the adhesion of two pieces of ice when pressed 
together at the melting point and then released. Calculate the effect of 
an extra atmosphere of pressure on the melting point of a substance 
which contracts on solidifying by one-sixth of its volume in the liquid 
state, whose latent heat is 40 units, whose ordinary freezing point is 
27° C., and whose specific gravity when liquid at this temperature is 
1*2. (For answer to last part of this question, see Chap. XVII.) 

(10) Define the boiling point of a liquid. Describe carefully the 
various conditions which influence it. 

(11) Explain Bottomley’s experiment in which a loaded wire cuts it.s 
way through a block of ice and leaves the block whole after its passage. 
Why is it that the wire always tends towards a circular curvature? 

(12) Describe how to use Bunsen’s ice calorimeter. 

(13) A water-bottle is covered with felt ; explain why the contained 
liquid may be cooled by moistening the felt, and placing the bottle in a 
dry room. 

{14) Fleat is continuously applied to a mass of ice at 10” C. until it 
becomes steam at 100“ C. Trace as completely as you can the change in 
volume and temperature that takes place. 

(15) Describe carefully the process of ebullition, and give reasons why 
a change of external pressure has an effect on the boiling point. 

Why is the boiling point on a thermometer determined by immersing 
the instrument in the steam from boiling water ? 
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(16) Give physical reasons why (a) glass cracks when suddenly 
heated ; (^) water thrown on a red-hot surface does not boil. 

Explain the formation of hoar-frost, and the phenomenon of regela- 
tion. 

(17) Describe carefully the difference between evaporation and 
boiling. What effect has the presence of air above the liquid on each ? 
Why does ether boil at a lower temperature than water ? 

(18) Describe the phenomenon of boiling. Hj^w would you show that 
at the boiling point the vapour tension of a liquid equals the atmo- 
spheric pressure, and how do you suppose that boiling results from this 
equality ? 


Practical. 

(l) Make a table of boiling points of a given salt solution. 




CHAPTER IX 


CONTINUITY OF STATE 

Boyle’s Law at High Pressures.— The construction and 
use of a piece of apparatus designed to determine the relation 
between the pressure and the volume of a certain quantity of 
gas, the pressure varying between i and about 3 atmospheres, 
has already been described (p. 90). The student who has care- 
fully performed the experiment as stated, and has reflected on 
the results obtained, will probably have noticed a very serious 
defect in the process. The aim of a careful experimenter should 
be to attain as uniform an accuracy as possible throughout an 
experiment. In the experiment in question, the pressures can 
be measured with sufficient accuracy throughout ; but the 
accuracy with which the volumes occupied by the gas can be 
determined decreases as the pressures are increased. 

Thus, let us suppose that the gas occupied a volume or 100 c.cs. at 
atmospheric pressure, and that the possible error in estimating the posi- 
tion of the mercury meniscus may lead to an error in the determination 
of the volume amounting to ’l c.c. Then the percentage error in 
determining the volume will be *1. 

At two atmospheres pressure, the volume will be approximately 
halved, and as a mistake in reading, involving an error of *i c.c. in 
the observed volume, may still be made, the percentage error will 
amount to *2 per cent. 

Similarly, at three atmospheres pressure, a mistake amounting to ’3 
per cent, of the total volume may be made. If it were possible to 
increase the pressure to 100 atmospheres, the possible error would 
amount to 10 per cent, of the volume of the gas at that pressure. 
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Hence, experiments on the relation between the pressure and volume 
of a gas, conducted by the method described, become inaccurate just at 
the point where accuracy is most desirable. 

Regnault*s Eixperitnents. — The arrangement used by 
Regnault to overcome the difficulties indicated above may be 
understood from B'ig. 90. 

A certain quantity of a gas in a pure and dry state was 
enclosed in a strong glass tube AB. The lower end of 

this tube contained mercury, and was con- 
nected by means of a tube BC with a long 
manometer tube CD, open at the top ; and 
also with a pump, by means of which more 
mercury could be introduced. The tempe- 
rature of the air in AB was maintained 
constant by means of a water jacket 
At the commencement of an experi- 
ment, the mercury surfaces in AB and CD 
were adjusted to be in the same horizontal 
plane, and the barometer was read. Mer- 
cury was then pumped in through EC 
till the gas in AB occupied only half of 
its initial volume. The difference in the 
heights of the mercury surfaces in AB 
and CD was then observed, and this 

difference, added to the 
barometric pressure, 
gave the pressure to 
which the gas was sub- 
jected. 

The stop-cock T was 
then opened, and gas 
was pumped into AB 
till a volume equal to 
the initial one was en- 
closed under a pressure 
of two atmospheres. 
The stop-cock T having 
been closed, and the 
relative positions of the mercury surfaces observed, mercury 
was again pumped in until the volume of the enclosed gas was 



Fig. 90. — Regnault'saj 
the truth of Boyle’s 


for investigating 
vit. at high pressures. 



IX 


JONTINUITY OF STATE 


203 


halved. Similar observations to those already described were 
made, and the above operations were repeated until a pressure 
of between 14 and 15 atmospheres was reached. 

Regnault thus found that no gas accurately obeys Boyle’s 
Law. For most gases he found the product pv decreased 
as p increased, leading to the conclusion that a given increase 
of pressure produced a greater diminution of volume when the 
initial pressure was high, than it did when the pressure was low. 
For hydrogen, however, the product of pv was found to increase 
with p. 

Amagat’s Experiments. — Amagat has investigated the 
behaviour of gases at very high pressures. Nitrogen was first 
examined by a method somewhat similar to that used by Reg- 
nault, but an open air manometer tube 65 metres (about 213 ft.) 
in height was used. The behaviour of other gases was then 
compared with that of nitrogen, by enclosing equal volumes of 
nitrogen and the gas in question in similar tubes, and then 
subjecting both to the same pressures. 

Figs. 91 and 92 exhibit the relation between the product pv 
and the pressure p for hydrogen and nitrogen, at several 
temperatures between 17'^ C. and 100^ C. It will be noticed that 
in the case of hydrogen, the product pv increases throughout 
with the pressure. In the case of nitrogen, the product pv at 
first diminishes, and subsequently increases, as the pressure is 
increased. 

Fig. 93 e.xhibits the relation between the product / t/ and the 
pressure p in the case of carbon-dioxide. The curves referring 
to high temperatures resemble those for nitrogen, but at low 
temperatures the minimum points on the curves are greatly ex- 
aggerated. It may be noticed that in the case of nitrogen and 
the high temperature curves for carbon -dioxide, the lowest 
parts of the curves are nearly parallel to the axis of pres- 
sures. In these neighbourhoods therefore the product pv is 
constant. 

Andrews’s Experiments.— The experiments of Amagat 
which have just been described were undertaken about 1870. 
As early as 1863, Dr. Andrews performed a classical series of 
experiments which led to a clear comprehension of many 
phenomena which up to then had received only very partial 
explanations. 

The gas which he experimented with was carbon-dioxide, the 
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pressures being determined by observing the compression of a 
certain quantity of atmospheric air. 



Fig. 91. — Amagat's curves for hydrogen. (P.) 



F IG. 92. — Amagat’s curves for nitrogen. (P.) 

Two tubes similar to that represented in Fig. 94 were 
employed, carbon-dioxide being enclosed in one and atmo- 
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spheric air in the other. Each of these tubes comprised a 
rather wide part AB, to the end of which a piece, BC, of thick 
walled tube with a fine bore was fused. This latter tube was 
carefully calibrated, 
so that the volume en- 
closed by I cm. length 
at any position was 
accurately known. In 
filling one of the tubes 
with carbon-dioxide, 
this gas was passed 
through it for a space 
of 24 hours ; even 
then a small amount 
of air remained. The 
end C was then fused 
up, and the end D of 
the tube AD was 
placed below the sur- 
face of mercury and 
a small piston of 
mercury, E, drawn in 
by heating and sub- 
sequent cooling. 

The end D was 
then placed below mercury, and the whole arrangement en- 
closed in the receiver of an air-pump. On partially exhausting, 
some of the contained gas escaped. Part of AB and the whole 
of AD became filled with mercury when the receiver was once 
more put in connection with the atmosphere. 

The carbon-dioxide and air tubes were then firmly fixed in 
two strong copper cylinders, the part BC being left projecting 
in each case. Communication was established between the 
copper cylinders by means of a cross tube. 

The cylinders were then filled with water, by means of which 
pressure could be transmitted from screw plungers to the 
enclosed gases. The volumes of the enclosed gases were deter- 
mined from observations of the position of the mercury surfaces. 
Fig. 95 is a reproduction of a photograph taken from the actual 
apparatus used by Andrews, and now preserved in the Science 
Collection at the Albert and Victoria Museum, South Kensington. 



Fig. 93. — Amagat’s curves for carbon*dioxide. 
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The curves in 96 represent the isothermals of carbon- 
dioxide deduced from Andrews’s experiments. As usual, 
volumes are measured hori- 
zontally to the right (as 
abscissic), the corresponding 
pressures being plotted verti- 
cally (as ordinates). 

Let us examine the lowest of 
these curves, viz. the isothermal 
for carbon-dioxide at the tempera- 
ture 13' l*' C. Starting from the 
^ extreme right, we see 
that at first the volume 
of the CO2 diminishes, 
as the pressure is in- 
creased, approximately 
in accordance with 
Boyle’s Law. When, 

0 however, a pressure a 

little less than 50 at- 
mospheres is reached, 
a discontinuity occurs, 
and the isothermal be- 
comes horizontal. At 
this point Andrews 
observed that liquefac- 
tion commenced. As 
A the volume was further 

diminished, a greater 
and greater proportion 
of the contained gas 
assumed the liquid 
D form, the pressure 

Fic. Q4.— meanwhile remaining 

constant. At the ex- 
experiment- treme left of this hori- 
al tubes. jjQ^tal portion, all the 

gas had Ijeen con- 
verted into liquid ; further increase of pressure produced only a very 
slight diminution in the volume occupied by the liquid, as is shown by 
the isothermal then becoming nearly vertical. 

The isothermal for 21*5® C. exhibits similar characteristics ; it maybe 



Fig, 55. — Andrew.s s apparatus for de- 
termining the isotiiermals of carbon- 
dioxide, (From a photograph,) 
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noted that liquefaction did not occur till a pressure of atx>ut 6l atmo- 
spheres was attained. 

On now turning our attention to the isothermal for it will 

be noticed that no sudden discontinuity can be traced. The conjecture 
that the abrupt discon- 
tinuities noticed in the atm. 


isothermals for lower 
temperatures are associ- 
ated with liquefaction of 
the gas was confirmed, 
since no formation of 
liquid could be observed 
at this temperature, even 
when the pressure was 
increased to 1 00 atmo- 
spheres. 

It must be remembered 
that the only really es- 
sential difference between 
a liquid and a gas is 
that the former has a 
definite surface, exhibit- 
ing the ordinary curved 
form due to surface 
tension. No such sur- 
face could be noticed, 
however much the pres- 
sure was increased, when 
the temperature of the 
carbon-dioxide was at or 
above 31*1'" C. 



Critical Temper- 
ature.— It follows 


Fig. 96.--IsothermaIs of carbon-dioxide (Andrews). 


from the above that at or above a temperature of 31 *1° C. it 
is impossible to liquefy carbon-dioxide. At 30*92° C. and lower 
temperatures liquefaction could be effected. The latter is there- 
fore termed the critical temperature of carbon-dioxide. 

General Form of Isothermals.— The isothermals of a 


substance which cannot exist in a solid condition at ordinary 
pressures and temperatures, are represented in Fig. 97. The 
five lower isothermals all exhibit the discontinuity noticed by 
Andrews, which is associated with the passage of a part of the 
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gas-like substance into the liquid state. In that part of the 
diagram shaded downwards from left to right, the substance is 

wholly in the liquid con- 
dition. In the cross-hatched 
space enclosed by the dotted 
curve, part of the liquid has 
been converted into the gas- 
like condition. Hence in 
this part of the diagram the 
substance exists in the state 
of a liquid in the presence 
of its saturated vapour. In 
that part of the diagram 
shaded downwards from 
right to left, the substance 
is in the state of unsaturated 
vapour. 

The curve 6 is the iso- 
thermal for the critical tem- 

Fig. 97.— Isothermals of a substance existing perature of the SUbstance. 

as liquid, vapour, and gas. The curves 7 , 8, 9 are iso- 

thermals for temperatures 
higher than the critical temperature. No liquefaction can take 
place at any point on these curves. In fact the substance is, at 
the temperatures corresponding to these curves, in the condition 
of a so-called permanent gas. 

Some most important general conclusions may be drawn from a 
careful study of the curves given in Fig. 97. Thus, let us suppose that the 
point A on curve 8 corresponds to the volume and pressure of a certain 
quantity of gas at the atmospheric temperature. Let the pressure be 
increased, the temperature remaining unaltered, till the point B is 
reached ; and then let the gas be cooled, while its pressure is maintained 
constant, till the temperature corresponding to curve 4 is attained. The 
volume occupied by the gas will be diminished, its final state, represented 
by the point C, being reached by way of the horizontal straight line BC. 

Now at B the substance exists as a gas, and at C it exists as a liquid, 
and yet no abrupt alteration occurs in the properties of the sub- 
stance in passing from B to C. H.ence Andrews concluded that the 
liquid and gaseous states are only distant stages of a long series of 
continuous physical changes. 
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If, after the condition represented by the point C has been attained, 
the pressure is gradually decreased, the temperature meanwhile being 
maintained constant, the substance will expand along the isothermal CD, 
and the point D will be reached. As the volume occupied by the gas is 
further increased, the appearance of a well-defined meniscus will denote 
that vaporisation is occurring. The pressure meanwhile remains con- 
stant, the condition of the substance being successively represented by 
the points on the line DE. At E the substance is wholly converted 
into vapour. 

Cagniard de la Tour’s Experiment.— As early as 1822, 
Cagniard de la Tour performed an experiment on the conversion 
of a liquid into a gas, which we can now ex- 
plain. Let us suppose that a volume, repre- 
sented by the abscissa of the point F (Fig. 97), 
is occupied partly by a liquid and partly by its 
saturated vapour. If the temperature is raised, 
the volume remaining constant, the substance 
will pass through the conditions represented by 
the line FG. If the liquid originally occupied 
so small a fraction of the total volume, that its 
thermal expansion does not cause it to entirely 
fill the space before the critical temperature 
corresponding to curve 6 is attained, the sub- 
stance will at that temperature pass from the 
liquid to the gaseous state. To realise these 
conditions experimentally, it is only necessary 
to fill a strong tube with liquid, boil about a third 
of this off, and then seal up. The tube can then 
be placed in a bath and heated. 

The apparatus used by Cagniard de la Tour 
is represented in Fig. 98. This consisted of a 
long tube, one end of which, A, was filled with 
air to indicate the pressure, whilst the other 
end was bent round and fused on to a wide 
closed tube, B, containing the liquid and its 
saturated vapour. The air was separated from the liquid and 
its vapour by means of mercury, which filled the rest of the 
apparatus. When the whole was heated, the changes which 
took place were slightly more complicated than those previously 
explained by the aid of Fig. 97, since both the volume and 

P 



Fig. 98. — Cag- 
niard de Ta 
Tour’s appar- 
atus for deter- 
mining the 
critical tem- 
perature of a 
liquid. (P.) 
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the pressure of the liquid and its saturated vapour were varied. 
However, it was observed that as the temperature was raised, 
the surface of the liquid gradually became flatter, indicating that 
the surface tension was diminishing. When a certain tem- 
perature was reached, the surface suddenly disappeared, so that 
the space above the mercury in B appeared to be filled with 
a homogeneous gas. This temperature was the critical tem- 
perature of the substance. The disappearance of the surface 
corresponded to the passage through G from the cross-hatched 
to the unshaded portion of Fig. 97. 

Expt. 53. — To determine the critical temperature of sulphur-dioxide. 
— Take a piece of thick-walled thermometer tubing of about 2 mm. bore ; 



Fig. 99. — Arrangement for filling .n tube with a mixture of liquid and 
vapour of sulphur-dioxide. 


seal this at one end, and draw it out somewhat at a point A, Fig. 99, 
about 8 inches from the sealed end. Do not constrict the internal bore 
more than you can help in this process. 

Take a piece of thin-walled glass tubing, and draw this out into a 
capillary tube, fine enough to pass down to the bottom of AB. Bend the 
capillary tube at right angles, and connect the wide tube in which it 
ends with the delivery tube of a lx>tlle containing liquid sulphur-dioxide. 
Such bottles can be obtained from dealers in chemicals. 
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Take a wide test tube (or boiling tube), and having provided this 
with a cork bored to receive AB, Fig. 99, nearly fill it with a mixture 
6f three parts (by weight) of broken ice to four parts of calcium chloride. 
Push AB (Fig. 99) through the hole provided in the cork, and arrange 
that the constricted part of the thermometer tube projects a little way 
above the latter. Place the capillary tube in position, and the arrange- 
ment will resemble that shown in section in Fig. 99. 

On opening the valve of the bottle, liquid sulphur-dioxide will 
pass through the capillary tube and collect in the experimental tube. 
When this latter is nearly full close the valve and remove the capillary 
tube, and seal the experimental tube off at A by means of a small 
but very hot blowpipe flame. Some of the sulphur-dioxide will boil off 
during this process, but the tube should retain about two-thirds of its 
initial contents when the sealing has been effected. 

Support the tube so that it is entirely immersed in a beaker about 
two-thirds full of glycerine, a thermometer reading to 200" C. being pro- 
vided to indicate the temperature of the latter. , Heat the glycerine by 
means of a Bunsen burner, and notice at what temperature the meniscus 
in the experimental tube disappears. Then allow the glycerine to cool, 
and note the temperature at which the meniscus once more becomes 
visible. The mean of these two temperatures may be taken as the 
critical temperature of sulphur-dioxide. 

The pressure corresponding to the point G (Fig. 97) is termed 
the critical pressure of the substance. 

Thus, it is impossible to liquefy a gas at a tempera- 
ture higher than its criticsal temperature, and in order 
to liquefy it at that temperature a certain pressure, 
called the critical pressure, must be applied. 

Pressure of Saturated Vapours. — It will be seen from 
Fig. 97, as well as from Andrews^s curves, that when a vessel 
at a certain temperature is filled partly with liquid and partly 
with the vapour of that liquid, a certain definite pressure will be 
exerted by the vapour. This pressure corresponds to the ordi- 
nate of the horizontal straight line forming part of each isothermal 
for temperatures below the critical temperature. It is the 
greatest pressure which the vapour can exert at the given tem- 
perature, and is therefore termed the maximum vapour pressure 
(sometimes simply the vapour pressure) of the substance at the 
given temperature. The term “vapour tension” is also some 
times applied to the same value. 

When the vapour pressure of a substance becomes equal to 

p 2 
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the pressure of the atmosphere, bubbles of vapour are formed 
in the interior of the liquid, and ebullition occurs. 

Liquefax^tion of Ga.6es. — Such gases as ammonia, sulphur^ 
dioxide, &c., which should properly be classed with vapours, 
their critical temperatures being higher than the ordinary tern* 
perature of the atmosphere, may be liquefied either by merely 
subjecting them to high pressures, or by cooling them to low 
temperatures at atmospheric pressure. In other cases it is 
necessary not only to reduce the temperature below the critical 
value for the gas, but to apply a certain pressure. All known 
gases have now been liquefied, in most cases in large quantities. 
Some of the methods used, as far as these are related to the 
principles explained in this chapter, will be now described. 

Faraday’s Method. — We may take the liquefaction of chlorine as 
typical of the methods employed by Faraday. The substances from 
which chlorine gas could be evolved were placed at one end of a strong 
bent glass tube, closed at both ends ; the other end of this tube was 
immersed in a freezing mixture. The temperature of the freezing mix- 
ture being below the critical temperature of the gas, the pressure pro- 
duced by the rapid evolution of the gas was sufficient to effect 
liquefaction. 

This method was successfully employed by Faraday, in 1823, in the 
liquefaction of nitrous oxide, hydrochloric acid, cyanogen, chlorine, &c. 

Liquefaction of Carbon-Dioxide. — In 1834 Thirlorier liquefied 
carbpn-dioxide in the following manner. A strong copper cylinder, 
lined with lead, and strengthened with external iron bands, was filled to 
about a third of its height with bicarbonate of soda. Sulphuric acid 
was contained in an open tube placed in the cylinder (Fig. 100). The top 
being screwed on, the cylinder was inverted, when the acid became 
mixed' with the bicarbonate of soda, producing a copious evolution of 
carbon-dioxide. The pressure produced is sufficient to liquefy the gas at 
ordinary temperatures. Referring to Andrews’ curves. Fig. 96, it may 
be seen that a pressure of 50 atmospheres is sufficient for this purpose at 
a temperature of about 13® C. 

The inside of the generating cylinder was then put in connection with 
the interior of another vessel, kept at a lower temperature. The carbon- 
dioxide distilled over into the latter, just as the water distils from one 
bulb to the other in Wolla.ston’s cryophorus (p. 184). 

When carbon dioxide is allowed to escape, under great pressure, 
through a narrow orifice into a metal vessel open to the atmosphere, the 
cold produced is sufficient to produce carbonic acid snow. This slowly 





Cailletet’s Method (1877). — A cylinder A, Fig. lOl, strong enough 
to withstand a pressure of i ,000 atmospheres, was provided with an 
air-tight piston joined to the end of a square-threaded screw 13. An 
internal screw thread was cut in the hub of a large wheel, C, the rim of 
which was provided with spokes to facilitate turning. When the wheel 
was turned the piston was forced into the cylinder. The latter was 
filled with water, and the pressure obtained by forcing the piston 
inwards was transmitted by water, which filled flexible copper tubes of 
small bore, to the manometer M and the experimental tube T. 
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A detail drawing of the experimental tube is given in Fig. 102. 
The gas to be compicssed was contained in a glass tube of fine bore, 
the end of which dipped under the surface of some mercury. The 
pressure generated in the cylinder, Fig. loi, was transmitted to the 
water covering the surface of this mercury. 

In order to liquefy a gas such as oxygen, the pressure was increased 



Fig. ioi.— Cailletet’s apparatus for liquefying oxygen. 

as far as ])Ossiblc and the gas was cooled by means of a jacket containing 
a suitable refrigerant, such as liquid sulphur-dioxide. The pressure was 
then suddenly released, and the expansion of the gas in the experi- 
mental tube caused its temperature to fall. A cloud of liquefied gas 
was formed, and lasted for a short time. Cailletet applied this method 
to the liquefaction of oxygen, carbonic-oxide and ethylene. 

Pictet’s Method (1877). — The general principle of this method 
resembles those previously described. The arrangement used is repre- 
sented diagrammatically in Fig. 103. Sulphur-dioxide gas was com- 
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pressed by a pump A, and delivered in a liquid 
form into I lie cooling jacket CD. The vapour 
formed in ilie space aliove this liquid was pumped 
back into A. Thus rapid evaporation was pro- 
duced, and a temperature of about - 70'* C. was 
ohlained in the jacket. 

riie pump B was used to compress carbon- 
dioxide gas, which was liquefied in the tube pass- 
ing through the midst of the sulphur-dioxide 
jacket. The liquid carbon-dioxide was delivered 
into the cooling jacket EF, a temperature of 
- 130“ C. being obtained by pumping the vapour 
there formed back into B. 

A quantity of potassium chlorate was heated in 
a strong steel vessel V, the oxygen generated being 
forced into a tube passing centrally through the 
carbon-dioxide jacket. When a pressure of 500 
atmospheres was indicated by the manometer M, Fic. 102, — C.ailletet’s 
li(jucfaction commenced. On opening the tap so experimental tube, 
as to permit the liquid to flow out, a white jet was 

observed, the liquid immediately evaporating. The first traces of 
liquid oxygen obtained by any method generally have a milky appear- 



Fig, 103. — Pictet s method of liquefying oxygen. 


ance, due to the presence of finely divided particles of solid carbon- 
dioxide. These may be removed by filtration through ordinary filter 
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paper, when the remaining liquid will be seen to be of a beautiful blue 
colour. 

Wroblewski and Olszewski modified this arrangement by cooling 
liquid ethylene, first with a freezing mixture made from ice and salt, 
and then with a mixture of carbonic acid snow and ether. The liquid 
ethylene at a temperature of — ioo° C. was led into a cylinder where 
its temperature was reduced to — I36‘’C. by rapid evaporation into a 
vacuum. A tube containing oxygen was immersed in the evaporating 
ethylene, and liquefaction was produced at a pressure of about 20 
atmospheres. 

A quantity of liquid air having been obtained, this was used as a cooling 
agent in an attempt to liquefy hydrogen. At a pressure of 100 atmo- 
spheres and a temperature of — 211“ C., the hydrogen remained in the 
gaseous condition. On suddenly diminishing the pressure to which the 
hydrogen was subjected, a further cooling due to expansion was pro- 
duced. The temperature in the hydrogen tube, after falling for a short 
interval, remained stationary, the pressure observed being 20 atmo- 
spheres ; this was considered to indicate that the hydrogen had been 
liquefied. The temperature thus obtained, which was measured by the 
aid of a thermo-couple (see Chap. XIX.), was - 234® C. 

Dewar’s Experiments. — Using an improved form of the apparatus 
just described. Professor Dewar has been able to obtain large quan- 
tities of liquefied oxygen and air. Liquid oxygen was 
found to be of a beautiful blue colour, and to boil under 
atmospheric pressure at - 182° C. Nevertheless it can 
be poured into the palm of one’s hand, if that is 
perfectly dry, and allowed to evaporate without any 
sensation of intense cold. The liquid, in fact, assumes 
the spheroidal condition (Chap. VIII., p. 195). 

It was further found by Professor Dewar that if the 
liquid oxygen be poured into a glass vessel provided 
with double walls (Fig. 104), the space between the 
walls having been previously thoroughly exhausted, the 
liquid can be maintained in a stable slate and its pro- 
perties examined. The trace of mercury vapour contained 
in the vacuous space is condensed into a mirror on the 
walls of the vessel, and this further diminishes the rate at 
^'wtion^of* which radiation occurs (Chap. XXL). 

Dewar’s Quite recently (1897), by the use of an improved form 
vacuum vesse . Linde’s apparatus, which will be described sub- 

sequently (C^ap. XVIII.), Professor Dewar has been 
able to liquefy considerable quantities of hydrogen. Pictet thought 
that he had liquefied, and even solidified hydrogen, but it is now 
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evident that he could not have done so, since he obtained a blue liquid, 
whilst that obtained by Dewar is transparent. Olszewski relied only on 
the evidence of a constant temperature to denote that he had liquefied 
hydrogen. The credit therefore rests with Professor Dewar for actually 
obtaining and examining the properties of liquid hydrogen. 

A piece of metal immersed for some time in liquid hydrogen, 
and then suspended in the atmosphere, was found to quickly become 
coated with a white layer of solid air ; after a few moments liquid air 
commenced to drip from it. 

Helium, which Olszewski failed to liquefy, has also been liquefied by 
Professor Dewar. 

Solid Hydrogen. — Later still (see Nature^ Sept. 21, 1899) Professor 
Dewar has succeeded in solidifying hydrogen. A small double-walled 
test-tube, similar to that shown in Fig. 104, was filled with liquid 
hydrogen, and suspended in liquid hydrogen contained in a larger double- 
walled tube. The pressure was then reduced to 10 mm. of mercury, 
when rapid evaporation, accompanied by a fall of temperature, resulted 
(see p. 184). No solidification occurred, although it was afterwards 
found that the temperature reached was below the freezing point of 
hydrogen. This was an instance of overcooling (see p. 166-7). When 
a small trace of air was allowed to leak into the apjxiratus, the liquid 
hydrogen solidified into a solid foam. In further experiments a small 
amount of hydrogen, in the form of a transparent solid, was obtained. 
Its melting point was 16° absolute, ( - 257° C. ). The critical tempera* 
ture (see p. 207) of hydrogen is between 30“ and 32“ absolute (between 
— 241® and - 243® C.). The maximum density of liquid hydrogen was 
found to be 0‘086 grams, per c.cm. 

Uses of Liquefied Air. — When air is liquefied, both the 
oxygen and the nitrogen pass into the liquid state simultaneously. 
If, however, liquid air is allowed to slowly evaporate, nitrogen 
passes off in greater quantities than oxygen. Thus the liquid 
which remains becomes richer in oxygen as evaporation pro- 
ceeds. Hence an economical method of liquefying air would 
furnish us with a ready means of procuring comparatively pure 
oxygen {see Chap. XVIII.). 

By allowing a quantity of liquid air to slowly evaporate, and 
examining the spectrum of the last traces of gas given off, Pro- 
fessor Ramsay and Dr. Travers have discovered two new con- 
stituents of atmospheric air, which they have named krypton 
and xenon. 

The first traces of gas given off during the slow evaporation 
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of liquefied argon, were further found to contain a new gas to 
which the name neon has been given. 

The scientific value of liquid air chiefly lies in its efficacy as 
a cooling agent. Professor Dewar has been able to prove that 
at - i8o° C., chemical reactions can no longer take place. 
Bacteria, as well as many seeds, retain their vitality after a 
protracted cooling in liquid hydrogen. 

Professors Dewar and Fleming have also investigated the 
electrical resistance of various pure metals and alloys at low 
temperatures. The interesting discovery has thus been made 
that the resistance of a pure metal decreases as the absolute 
zero of temperature is approached. Thus at - 223° C., copper 
and iron become almost perfect conductors, very little alteration 
being produced during further cooling. Platinum practically 
reaches its maximum conductivity at - 240"^ C. 

Another unexpected result obtained by Professor Dewar is 
that if cotton wool, eggshells, leather, &c., are dipped in liquid 
air, and then exposed for a few moments to light, they will 
be found to phosphoresce brightly on being placed in a dark 
room. 

Substances like lead, which are not elastic at ordinary tem- 
peratures, have been found by Professor Dewar to become elastic 
on cooling in liquid air. India-rubber and iron, when similarly 
cooled, become as brittle as glass. 

(For some remarks on certain unjustifiable claims which have 
recently been made in connection with methods of producing 
and utilising liquid air, see Chap. XVIII.) 

Summary. 

Careful experiments have shown that in no substance is Boyle’s Law 
accurately obeyed. In the case of hydrogen, ^ increases with the 
pressure. In the case of nitrogen, pv at first decreases and subsequently 
increases with the pressure. Other gases show a similar variation of pv 
with the pressure. 

Isotbermals of Carbon-dioxide. —Andrews proved that for tem- 
peratures below 30*92*0. the isothermals of carbon-dioxide possessed a 
discontinuity corresponding to the formation of liquid. The pressure of 
the vapour was constant during liquefaction at a given temperature. 
Above 30*92*0. no discontinuity of the isothermals could be traced, and 
liquefaction could not be induced. 
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Critical Temperature. — Above a certain definite temperature a gas 
cannot be liquefied, however much the pressure may be increased. This 
temperature is termed the critical temperature. Above the critical 
temperature a substance exists as a gas. Below the critical temperature, 
the substance may exist either as a liquid or as a vapour. 

Continuity of State. — Andrews concluded that the liquid and 
gaseous states are “ only distant stages of a long series of continuous 
physical changes.” 

Liquefaction of Gases. — Substances such as ammonia, sulphur* 
dioxide, &c., of which the critical temperature is higher than the 
ordinary atmospheric temperature, may be liquefied by pressure alone. 
The so-called permanent gases must first be cooled below their critical 
temperatures, and then liquefied by the application of a sufficient 
pressure. 

Liquid Air or Oxygen can be preserved for considerable intervals 
of time if placed in vessels provided with double walls, the space 
between the walls being exhausted. 

Questions on Chapter IX. 

( 1 ) Define the critical temperature, pressure, and volume of a vapour, 
and give some account of the behaviour of a substance near its critical 
point. 

(2) Give some account of investigations on the relation between the 
temperature and the divergence of the actual compressibility of a gas 
from that which would be reduced from Boyle’s Law ; discuss also the 
conclusions which these investigations support. 

(3) Define the critical point of a fluid. Give sketches of, and point 
out the difference between the forms of, the isothermals of carbonic acid 
above and below its critical point. 

(4) Describe the apparatus used in the liquefaction of oxygen. 

(5) Describe researches which have been made to find the value of 
pv for various gases through a wide range of pressure at constant tern-, 
perature, and give some account of the results. 

(6) Describe Andrews’ experiments on carbon dioxide, and explain 
the terms ; critical pressure, critical temperature, and critical volume. 
Can a body be at the critical^pressure and not at the critical tempera- 
ture? 

(7) Sketch the isothermal lines for carbonic acid from 20" to So®C., 
and state what is meant by terms : critical temperature, critical pressure, 
and critical volume. 
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PROPERTIES OF VAPOURS 

Saturated and Unsaturated Vapours.— The physi- 
cal meaning of the distinction drawn in the last chapter between 
saturated and unsaturated vapours may be made clearer 
by the following considerations. Let us suppose that we are 
provided with a vessel, the volume of which can be varied at 
will, and that into this vessel, initially entirely exhausted, a drop 
of liquid, say water, is introduced. If the volume of the drop of 
water is very small in comparison with the volume of the vessel, 
the water will almost immediately evaporate, and the vessel will 
be filled with aqueous vapour. This vapour will exert a certain 
pressure on the walls of the vessel, and if the volume of the 
vessel be varied, it will be found that the product of the pressure 
and volume of the vapour remains approximately constant. 
The vapour in the vessel is now in an unsaturated condition. 

If a comparatively large quantity of water is introduced 
into the vessel, only a part will evaporate. Any diminution in 
the volume of the containing vessel will now produce no altera- 
tion of pressure. A part of the vapour will be condensed, and 
the remainder will be in exactly the same condition as before. 
The vapour is now in a saturated condition. The pressure 
which it exerts depends only on its temperature, and not, as in 
the case of an unsaturated vapour, on both the temperature and 
volume. 

Expt. 54. — To determine the relation between the Pressure and 
volume of an unsaturated vapour » 

The apparatus constructed for khe purpose of determining the relation 
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between the pressure and volume of a gas (see p, 90) may be used for 
this experiment. The burette must, however, be shifted from the 
position occupied in Fig. 45, and placed as high as possible, the 
drying tul^e being removed. 

Remove the plug of the stop*cock, and after having cleaned this with 
benzene, close, by means of plaster of Paris, one end of the hole 
bored through it. Thus, a small hole closed at the bottom 
will be left on one side of the plug. Cover the exposed 
surfaces of the plaster with a thin layer of shellac varnish, 
and heat gently to dry the latter. 

If, now, after the plug has been replaced, a small funnel 
filled with water is attached to the nozzle of the stop*cock, 
each time the plug is turned completely round, a small 
quantity of w'ater will be discharged into the burette, with- 
out the interior of the latter being thereby put into com- 
munication with the atmosphere. 

Before the plug is replaced, raise the mercury reservoir 
till the mercury in the burette begins to overflow. Replace 
the plug, after filling the hole in it with water, and attach 
a funnel as above described. Now lower the reservoir. If the hole 
in the funnel is not in communication with the burette, and the mercury 
is dry, no motion of the mercury in the burette will take place till the 
surface of the mercury in the reservoir is depressed below the stop- 
cock by a distance equal to the pressure of the atmosphere, measured 
in centimetres of mercury. 

Adjust the reservoir so that the surface of the contained mercury is 
about 76 cms. below the stop-cock. Now turn the plug of the latter so 
that a small quantity of water is discharged into the burette. The 
surface of the mercury in the burette immediately sinks, owing to the 
formation of vapour. Determine the relation between the volume and 
pressure of the latter, proceeding as when proving the. truth of Boyle’s 
Law (p. 93). The only difference in the method used is, that in the 
present case the difference in level between the mercury surfaces in the 
burette and reservoir must be subtracted from the atmospheric pres- 
sure, as read by the aid of a barometer, instead of being added, as 
previously. 

Expt. 55* — show that the pressure of a saturated vapour in 
presence of the liquid from which it originated is independent of the 
volume which the two occupy. 

If the plug of the stop-cock, arranged as in the previous experiment, 
be turned round several times, water may be discharged into the burette 
till some of it remains unevaporated. When this has been done, show 



Fig. 105. — 
Section 
of plug of 
stop-cock, 
arranged 
for 

Expt. 54. 
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that the surface of the mercury in the burette is always at a certain con- 
stant height above the surface of the mercury in the reservoir, whatever 
volume is occupied by the liquid and its saturated vapour. 

The Pressure exerted by the Saturated Vapour of 
a Substance is termed the Vapour Pressure (some- 
times the Vapour Tension) of that Substance. 



Fig. io6. — Arrangement for determining the vapour pressure of a liquid. 


Expt. 56 . — To determitve the vapour pressure of a given liquid. 

This might be done after the manner described in the last experi- 
ment. The following is, however, the more usual method of pro- 
cedure. 

Take two pieces of glass tubing, each of about 1 metre in length and a 
little less than l cm. in diameter. Clean the internal surface of these 
with strong nitric acid, then rinse with distilled water, and pull plugs of 
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cotton wool through them, and nnally dry by sucking air through them 
whilst they are heated. Seal one end of each of these tubes. 

Take some clean mercury and warm this in an evaporating basin until 
a small drop of distilli-d water ])laccd on its surface immediately boils 
off. When thoroughly cooled, pour some of this mercury into one of 
the tubes until this is filled to within about half a centimetre of the 
open end. Close this end with the thumb, and tilt the tube so that the 
enclosed air may pass slowly down its sides, thus collecting the small 
bubbles of air which will be found there. 

When all the air bubbles have been removed, completely fill the tube 
with mercury, close its open end with the thumb, and, after inverting 
it, place the orifice below the surface of some mercury contained in 
a suitable vessel, when the thumb may be removed. 

Repeat this operation with the other tube, inverting it over the vessel 
of mercury already used. Support both tubes vertically side by side 
with the aid of retort stands (Fig. 106), taking care that there is a small 
space between the extremities of the tubes and 
the bottom of the vessel containing the mercury. 

Make a bent pipette (Fig. 107), fill this with 
the liquid of which the vapour pressure is re- 
quired, and place the opening of the curved end 
under the extremity of one of the tubes. Blow 
cautiously into the pipette, so as to force a few 
drops of the liquid into the mercury contained 
by the experimental tube. The liquid will rise 
through the mercury, and immediately it reaches 
the surface the latter will be depressed. When 
a layer of liquid about a millimetre deep lies over 
the surface of the mercury, the difference in the level of the mercury 
in the two tubes can be measured ; the value thus obtained is the vapour 
pressure of the liquid at the temperature of the air of the room. 

Vapour Pressure in an unequally heated Vessel.— 

Referring to the drawing of Wollaston’s Cryophorus (Fig. 82, p. 
1 84), it will be remembered that the vapour condenses in the cold 
bulb A, whilst the liquid in the warmer bulb evaporates. Thus, 
vapour will pass into A, accompanied by a progressive cooling 
of the remaining^ liquid, till a uniform temperature is attained. 
During the intermediate stages, the mean pressure in the 
enclosure will differ only slightly from that in the colder bulb, 
the difference in pressure in the two bulbs being only sufHcient 
to keep up the flow of vapour from one to the other. Hence 



Fig. 107, — Method of in- 
troducing liquid into 
experimental tube. 
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it becomes most important in determinations of vapour pressure 
to keep the temperature of the whole of the space occupied by 
the liquid and its vapour as uniform as possible. The vapour 

pressure obtained will 
otherwise correspond to 
the lowest temperature at 
which any part of the en- 
closure stands. 

V ariation of V apour 
Pressure with Tem- 
perature. — This subject 
was first investigated by 
Dalton, who used two 
tubes similar to those de- 
scribed above, but sur- 
rounded by a cylindrical 
glass vessel filled with 
water which could be 
to any required 
tern p e r a ture. 
Thermometers 
were placed at 
various heights 
in the water, 
and the vapour 
pressure mea- 
sured was as- 
sumed to corre- 
spond to the 
mean of the tem- 
peratures thus 
indicated. 

Inaccuracies 
were thus intro- 
duced, owing : 

I. To the 

lowest temperature of any part of the vapour not being known ; 

2. To errors in reading introduced by irregularities in the 
glass of the cylindrical water jacket. 

Regnault’s Experiments. — In order to avoid errors due 



Fig. io8. — Kegnault’s vapour-pressure apparatus. 
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to the above causes, Regnault surrounded only the upper 
portion of the two tubes with a water bath. This latter took 
the form of a very large vessel, B, Fig. 108, provided with an 
efficient stirring arrangement. A window of plate glass was 
provided in front, so that observations could be made with 
accuracy. Errors due to refraction in the liquid or the glass did 
not amount to ' i mm. The difference in height of the mercury 
in the two tubes was observed by means of a cathetometer. 



Fig. 109.— Regnault s vapour-pressure apparatus, for high temperatures. 


Experiments at very high Temperatures.— Regnault 
found the arrangement just described to be unsuitable for tem- 
peratures at which the vapour pressure of the substance to be 
examined was more than 300 mm: Accordingly he used the 
arrangement represented in Fig. 109, when high temperatures 
were in question. A strong copper boiler was partly filled with 
the liquid to be experimented on, the temperature of the liquid 
and that of its vapour being observed by the aid of four thermO' 

Q 
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meters, c. The upper part of the boiler was connected, by 
means of a tube, with a large hollow metal sphere immersed in a 
water bath kept at a constant temperature. This sphere was filled 
with air, the pressure of which could be varied by the aid of a 
pump, and measured by means of an open mercury mano- 
meter KH. The vapour given off from the boiling liquid was 
condensed by a cold water jacket AC, and the liquid thus 
formed flowed back into the boiler. 

The princijile involved in this experiment is somewhat different from 
those previously described. When the liquid is boiling, the pressure of 

its vapour must become equal to that of 
the air in the sphere. For, if the pressure 
of the vapour were greater than that of 
the air in the sphere, vapour would be 
forced into the latter till the two_ pressures 
were equalised. Similarly it can be shown 
that the pressure of the vapour in the boiler 
could not permanently be less than that of 
the air in the sphere. In fact, the air in 
the sphere merely served to transmit the 
pressure of the vapour to the manometer 
KH, having the advantage that it was not 
condensed when cooled to a low tem- 
perature. 

Great accuracy was attained by the use 
of this apparatus. The pressure having 
been adjusted, and the stove lighted, boiling 
commenced, and after a short time the 
thermometers indicated a stationary tem- 
perature. Pressures varying from a small 
fraction of an atmosphere up to 28 atmo- 
spheres were thus measured. 

Vapour Pressure at Low 
Temperatures. — Gay-Lussac con- 
ducted a series of experiments to 
determine the vapour pressures of 
substances at temperaturesbelowo'^C., 
using a modified form of the arrange- 
ment originally employed by Dalton. 
Ki< 11 > ( ; i\ i. iissac’s vapour- The v'apoui* tube CE was bent round 

pres^utv apparatus, for low . . i j i 

temperature. (P.) near its Upper extremity, and ended 
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in a bulb E (Fig. 1 10). The liquid to be experimented on 
was contained in this bulb and was reduced to low temperatures 
by immersing the bulb in a freezing mixture. A liquid freezing 
mixture was preferred, since stirring could be effected and a 
constant temperature be thus maintained. 

It has already been pointed out (p. 224) that the vapour 
pressure observed under the conditions at present under con- 
sideration will correspond to the temperature of the coldest part 
of the enclosure : in the present instance to that of the bulb and 
freezing mixture. 

Comparison of Vapour Pressures. — A simple but extremely 
elegant piece of apparatus designed for the purpose of comparing the 
vapour pressures of two liquids at various 
temperatures, has recently been described 
by Dr. Lehfeldt. It consists of a glass tube 
A (Fig. Ill), l)ent round so that two por- c 
tions of it lie parallel to each other and 
very close together, their continuations 
being bent twice at right angles, and 
ending in bulbs C, C'. Pieces of thermo- 
meter tubing are sealed on to the bulbs 
C, C', and another piece is sealed on to the 
main tube at B. 

The method of filling this apparatus is as 
follows. The inside of the tulx;s having 
been cleaned and dried, the capillaries D, D' 
are drawn out and sealed. The tube con- 
nected at B is drawn out at B' ; and the 
piece of thermometer tubing left below 
the constriction B' is connected with a mer- 
cury vacuum pump. The whole apparatus Fic. m.-Dr I^hfeldt’sappar- 
is then thoroughly exhausted, the tubes comparing the 

being heated to ' remove the gases con- liquids, 
densed on their walls. The apparatus is 

then sealed at B', a short length of capillary tube being left above this 
point. 

If, now, the size of the capillary B' is properly chosen, on breaking 
off its end below mercury the latter will slowly flow into the gauge A, 
and when sufficient has entered, the capillary can be sealed off by the 
aid of a blow-pipe. In a similar manner the bulbs C,C can be partially 
filled with the liquids of which the vapour pressures are to be compared. 

Q 2 
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The whole arrangement can then be placed in a bath and heated to any 
desired temperature ; the difference in level of the mercury surfaces in 
the gauge A gives the differences of the vapour pressures of the two 
liquids. 


Vapour Pressure Thermometers.— The irregularities 
connected with the thermal expansion of the bulb of a mercury 



thermometer render the use of that instrument unsatisfactory 
v/here a high degree of accuracy is required. Even in the case 
of an air thermometer it is necessary for the most accurate work 
to apply corrections for the expansion of the containing vessel, 
or to employ some compensating arrangement, such as that due 
to Professor Callendar (Ch. V., p. iii). On the other hand, 
the pressure exerted by a saturated vapour is independent of 
the size of the containing vessel. Regnault has measured the 
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vapour pressures of a number of substances at various tempera- 
tures, and consequently a measurement of the vapour pressure 
of one of. these substances suffices to determine its temperature, 
quite independently of any change of volume which may occur 
in the containing vessel. 

Fig. 1 12 represents a vapour pressure thermometer for high 
temperatures (loo^ to 500"^ C.), designed by Lord Kelvin.^ In 
this case the vapour pressure of mercury is measured by the aid 
of a long manometer tube containing water. The bulb of the 
thermometer is freed from air, and contains only mercury and 
its vapour. The pressure is transmitted from the bulb to the 
lower extremity of the manometer tube by means of a tube 
filled with mercury. In the arrangement represented, the 
space immediately above the water column is freed from air, so 
that the head of water gives the pressure of the mercury vapour. 
An open manometer tube might, however, be employed if the 
atmospheric pressure near the open end of the tube is deter- 
mined for each observation. The water column is kept at a 
constant temperature by being surrounded by a vessel through 
which water at a constant temperature circulates. 

The vapour pressure of mercury below loo"^ is too small to 
accurately indicate its temperature. Water vapour may be used 
between about 30° C. and 100° C., and for lower temperatures 
sulphur dioxide vapour may be employed. 

Dalton’s Law. — In 1801 Dalton formulated the law that 
the pressures of the saturated vapours of all liquids have the 
same value at temperatures equally removed from their boiling 
points. In the case of water, the vapour pressure at So'’ C. 

20° below the boiling point) is 355 mm. Ether boils at 35° C., 
and its vapour pressure at (35 -- 20)° = 15° C. is 354 mm. It 
was on this agreement that Dalton based his law. In the 
case of alcohol, however, which boils at 58'’ C., the vapour 
pressure at (58 -- 20)® = 38® C. is only 330 mm. Similar devia- 
tions occur with other liquids. Hence this law cannot be said 
to have been proved. 

Pressure exerted by a Mixture of Gas and Vapour. 

— Regnault determined the pressure exerted by a vapour (i) when 
distributed through an otherwise empty space ; and (2) when 
distributed through a space containing a quantity of a permanent 

I Encych/aidia Britannica^ art. Heat." 
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gas. The apparatus used was similar to that represented in 
Fig. io8, p. 224. As a result, it was found that the pressure 
exerted by a vapour is practically the same whether the space 
through which it is distributed is otherwise empty or is occupied 
by a gas or gases. This law was found to apply to both 
saturated and unsaturated vapours. 

The same law had previously been formulated by Dalton. 

Example, — It is required to draw the isothermal for a mixture of 
saturated aqueous vapour and a perfect f^as for a temperature of 50° C. 
(Pressure of saturated aqueous vapour at 50° C. = 92 mm. of mercury.) 



Volume 

Fig. 113. — Isothermal for mixture of air and saturated vapour. 

The dotted curve (Fig. 113) is the isothermal for a quantity of a 
perfect gas. 'Phis curve is represented by the equation 

pv— K. 

If a quantity of aqueous vapour, sufficient to saturate the largest 
plume occupied by the gas, is introduced into the space occupied by 
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the latter, the pressure corresponding to any volume of the gas will be 
increased by the constant vapour pressure of water at the given tempera* 
ture. Hence, if we measure distances equivalent to 92 mm. vertically 
above various points on the dotted curve, and join the points so ob- 
tained, the resulting curve will be the isothermal for the mixture of gas 
and vapour. 

It will be noticed that the curve is less steep than the isothermal for 
the perfect gas. The reason of this is, that as the volume is decreased 
the aqueous vapour condenses, and the liquid occupies a negligibly 
small volume. 

Example . — A quantity of hydrogen is collected over water in an 
inverted glass vessel, and the volume which it is observed to occupy is 
356*5 c.cs. The barometer stands at 758 mm., and the surface of the 
water in the graduated vessel is 7 cms. above the level of the water in 
the trough. The temperature of the water is 17" C. What would 
be the volume of the hydrogen when dry at o® C. and 760 mm. 
pressure ? 

The pressures of saturated aqueous vapour at various temperatures is 
given in a Table at the end of this book. From this we find that the 
vapour pressure for 17'’ C. is 14*4 mm. of mercury. 

Since the water stands 7 cm. higher inside the gnaduated vessel than 
outside it, the pressure, in mm. of mercury, of the mixture of hydrogen 
and saturated aqueous vapour is equal to 


758 - 


i3’6 


= 758-5*1 


= 752*9 mm.. 


where the density of mercury is taken equal to 13*6. 

The pressure which would correspond to the same volume of dry 
hydrogen at I7'’C. is equal to 752*9, less the pressure of the saturated 
aqueous vapour, 752*9-14*4 = 738*5* 

Hence we have the following problem to solve. 

A quantity of dry hydrogen occupies a space of 356‘S c.cs. at a 
temperature of I 7 ®C., and a pressure of 738*5 >rim. of mercury. What 
volume will this gas occupy at o°C., and a pressure of 760 mm. of 
mercury ? 

According to the relation established on p. 94, 

pv = RT 

where R is a constant, and T is the absolute temperature of the gas. 

We therefore have, denoting by v the volume required, 

738*5 X 356*5 = R X (273 + 17) = 290R 
760 X V = 273 R. 
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Eliminating R, by dividing the lower by the upper equation, we get 


760 XV _ 273 

738 5 X 356*5 “ 2^ 
. y _ 27 3 X 7 38*5 X 356-5 ^ 
760 X 290 


326*0 c.cs. 


Vapour Pressure of Liquid Mixtures. — Regnault found that the 
vapour pressure of a mixture of two or more volatile liquids is equal to 
the sum of the vapour pressures of the constituents, when these do not 
dissolve each other in the case of water and benzene). In the case 
of liquids which dissolve each other water and alcohol, water and 
ether), the vapour pressure of the mixture is less than the sum of the 
vapour pressures of the constituents, in some cases even less than the 
vapour pressure of oire of the constituents. 

Vapour Pressures of Solutions. Raoult’s Law. — Experiments 
have shown that the vapour pressure of a solution of a non-volatile sub- 
stance is always less than that of the pure solvent. It has already lieen 
pointed out that the boiling point of a solution of a non-volatile sub- 
stance is higher than that of the pure solvent. Since the vapour 
pressure of a solution at its boiling point is equal to the atmospheric 
pressure, we see that the elevation of the boiling point produced by dis- 
solving a non-volatile substance in a pure solvent is closely related to 
the diminution of the vapour pressure at a given temperature, produced 
under similar circumstances. 

Raoult has shown that the diminution of the vapour pressure of a 
solution of a non-volatile substance is proportional to the number of mole- 
cules dissolved in 100 grams of the pure solvent, and is independent of the 
nature of the dissolved molecules. A reservation must be made with regard 
to aqueous solutions which conduct electricity, similar to that explained in 
connection with the molecular depressionof the boiling point (s^ep. 191). 

Expt. 57. Make a strong aqueous solution of calcium chloride, and 
heat this to about 90* C. Place the bulb of a thermometer in the 
solution, and then blow steam through the latter. Observe the tem- 
perature indicated by the thermometer. It will be found that a 
temperature of about 112° C. is attained. 

The result of this experiment is explained as follows : — The vapour 
pressure of an aqueous solution of calcium chloride at 100° is less than 
that of pure ;?ater at the same temperature. Consequently steam is 
condensed in che solution. But for each gram of steam condensed, 
537 therms of heat are rendered up. The reception of this heat raises 
the temperature of the solution till its vapour pressure becomes equal 
to that of water boiling at ioo“. In other words, the temperature of 
the solution rises until its boiling point is attained. 
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The Triple Point. — We may represent the relation 
between the temperature and pressure of saturated aqueous 
vapour by a curve, such as 
Fig. 1 14. For a particular tem- 
perature OB, and a corresponding 
pressure BA, a vessel may be oc- 
cupied partly by water and partly 
by aqueous vapour, and no con- 
densation or evaporation will occur. 

The water and its vapour are in 
equilibrium. If, however, whilst the 
temperature is maintained at OB, Fig. 114.— The steam line, 
the pressure is raised to BC, a 

progressive condensation will occur till nothing but water 
remains. 



The conditions above assumed may be expierimentally realised by 
enclosing water and its saturated vapour in a cylinder fitted with an 
air-tight frictionless piston. If the pressure tending to force the piston 
inwards is equal to the maximum vapour pressure of water of the tem- 
perature at which the cylinder is maintained, the piston will remain 
stationary, and the relative volumes of the water and its vapour will 
remain unaltered. If the external pressure on the piston is increased, 
the piston will move inwards till the whole of the vapour is condensed. 


Hence, in a state of equilibrium, all points above the curve PS 
will correspond to the existence of nothing but water in the 

vessel, whilst similar reasoning may 
I be employed to show that points 

\ yfaut below the curve PS will correspond 

^ to the existence of nothing but 

a ^ aqueous vapour in the vessel. The 

J \ curve PS is called the Steam Line. 

\ Lord Kelvin has shown, in verifica- 

1 tion of the hypothesis of his brother, 

Tanperature ■* Professor Jamcs Tliomson, that the 
Fig. 115.— The ice line. melting point of ice is lowered by 

increased pressure. Consequently 
for any particular pressure, ice will melt if it is above a certain 
temperature ; or water will freeze if it is colder than that tem- 
perature. We may therefore draw a curve such as PI. Fig. 115, 


Temperature -* 
Fig. 115. — The ice line. 
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exhibiting the relation between the temperature and pressure 
at which a mixture of ice and water may remain in equilibrium, 
t.e., without ice melting or water freezing. As a result of a train 
of reasoning similar to that employed above with regard to water 
and aqueous vapour, it may be shown that points above the 
curve PI will correspond, in a state of equilibrium, to the exist- 
ence of nothing but water in the vessel, whilst points below 
PI correspond to the existence of nothing but ice in the vessel. 
PI is termed the Ice Line. 

Another curve, PH, Fig. Ii6, may be drawn, exhibiting the 
relation between the pressure and temperature corresponding to 
a state of equilibrium between ice and aqueous vapour. For 
points immediately above HP, nothing but ice can exist in 


JBoitn 


Vapour 


Tamparaiurm 

Fig. ti6. — The hoar frost line. 



Fig. 1 17. — Triple point curves for water. 


the vessel, whilst for points below HP, nothing but vapour can 
exist in it. HP is termed the Hoar Frost Line. 

The above three curves represent relations between tem- 
perature and pressure, and therefore all three might be drawn 
in one diagram. .This is done in Fig. 117. 

Professor James Thomson proposed the theory that the steam 
line, the hoar frost line, and the ice line meet in a single point. 
Very simple reasoning will show that this must be the case. 

For suppose that the curves intersected as shown in Fig. 118. Then, 
since the space ABC is above the steam line ACD, points in it must 
correspond, in a state of equilibrium, to the existence of nothing but 
water in the vessel. On the other hand, since the space ABC is below 
the hoar-frost line BAE, points in it must correspond to the existence 
of nothing but vapour in the vessel. Also, since ABC is below the ice 
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line CBF, points in it correspond to the existence of nothing but ice in 
the vessel. 

Hence the intersection of the steam line, the hoar-frost line, and the 
ice line in three different points leads to three different and mutually 
contradictory conclusions, based on 
the mere definitions of the curves. 

Therefore the three curves must 
meet in a single point P (Fig. 117). 

Regnault, as a result of his 
experiments on vapour pressure, 
concluded that the hoar-frost 
line was a mere continuation of 
the steam line. It was subse- 
quently shown by Kirchhoff that 
the steam line and the hoar- 
frost line are distinct curves, 
angle. 

The conclusion reached, as a result of the above argument, is 
that at a certain temperature and pressure, defined by the point P, 
ice, water, and aqueous vapour can simultaneously exist in the 
same vessel without the occurrence of any alterations in their 
relative proportions. The point P is called the triple point. 
At this point the pressure of the saturated vapour of water is 
the same as that of the saturated vapour of ice. 

At the temperature and pressure corresponding to the triple 
point, water may freeze and boil simultaneously. This condition 
may be realised by placing water in an exhausted vessel which 
also contains a dish full of strong sulphuric acid {see p. 184). 

Example. Calculate the pressure and temperature corresponding to 
the triple point for water. 

We will determine the co-ordinates of the point of intersection of the 
steam line with the ice line. 

According to Dewar’s Experiments (p. 179) an increase of one 
atmosphere lowers the melting point of ice by 0*0072° C. 

Hence under zero pressure ice will melt at 0*0072° C. 

It is easy to see that the temperature corresix)nding to the triple 
point will be l^tween 0° C. and 0*0072° C. F'or ice cannot in any 
circumstances be formed above 0*0072° C. ; and in order that ice 
should melt below 0° C., the pressure must be greater than one atmo- 
sphere. 



Fig. ti8. — Impossible form of steam, 
hoar-frost and ice lines. 


meeting each other at an 
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Taking the standard atmosphere as equal to 760 mm. of mercury, we 
see that for a depression of 1° C. in the freezing point of water, the 
pressure must be increased by 105,000 mm. Therefore under a pressure 

of p mm. of mercury, ice will melt at ^0*0072 - — C. 

At 0“ C. the pressure of saturated aqueous vapour is equal to 4 '60 mm. , 
whilst at i" C. the pressure amounts to 4*94 mm. 

Therefore in the neighbourhood of o* C. , the pressure p corresponding 
to a temperature f C. will be equal to 4*604- (4*94 -4'6o)/=4‘6o + 


P = 4‘6o+ *34/. 

, , _ / - 4-60 
• » • 

*34 


The temperature t must be equal to the melting point of ice under a 
pressure of p mm. of mercury. 


p - 4*6o _ 
^ 4 ~ ~ 


0*0072 - 


105,000 


. *. 105,000/ - 483,000 = 257108 - *34/. 

.*. /HiOSjOOO + *34) = 483,000 + 257*108. 

. . ^ 48 3>257*io8 

^ 105,000*34* 

= 4*60243 mm. of mercury. 


This is the pressure corresponding to the triple point. Substituting 
this value in the equation for the melting point of ice under a pressure 
/, we get, for the temperature t corresponding to the triple point 

„ 4 60243 ft _ 

t — *0072 - 0^ = *0072 - *000043 = 0*007157 C. 


Triple Point Curves for a substance which contracts on 
solidifying. 

In Fig. 1 19 the boiling-point curve corresponds to the steam line in 
Fig. 1 17, whilst the sublimation curve corresponds to the hoar-frost 
line. The reasoning employed in connection with these curves is similar 
to that already used (pp. 233-5). 

The melting-point curve corresponds to the conditions as to tempera- 
ture and pressure under which a mixture of solid and liquid can be 
maintained in equilibrium with each other. 

When a substance which contracts on solidifying is submitted to 
increased pressure, its melting point is elevated (p. 177). Conseqt^ently 
points above the melting-point curve will correspond to the solid state, 
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and those below it to the liquid state, 
point curve will slope downwards from 
right to left (Fig. 119). 

It should be noticed that a sub- 
stance which contracts on solidifying 
cannot exist in the liquid state at 
temperatures below that of the triple 
point. It can, however, be solidihed 
at temperatures above that of the triple 
point. 

On the other hand a substance (like 
water) which expands on solidif)nng 
cannot be solidified at temperatures 
above that of the triple point, but it 


In other words, the melting- 



Fic. 1 19. — Triple point curves for 
a sutetance which contracts on 
solidifying. 


|W 


QL-U 


can exist in either the liquid or solid state at 
temperatures lower than that of the triple point. 

Complete Isothermals of a substance 
vi^hich contracts on solidifying. 

The isothermal for the temperature corre- 
sponding to the triple point will be of the 
general form ABCDE (Fig. 120). AB cor- 
responds to the state of unsaturated vapour. 
At B liquefaction or solidification, or lx)th, may 
commence. If the substance is first liquefied, 
a point such as C will correspond to complete 
liquefaction. Diminishing the volume occupied 
by the substance produces solidification. Thur 
at D the substance is completely 
solidified. DE is the isother- 
nial of the solid for the tem- 
perature corresponding to the 
triple point. 

FGHK is an isothermal for 
a temperature below that of the 
triple point. GH corresponds 
to a mixture of solid and satur- 
ated vapour ; no liquid can be 
formed at this temperature. HK 
corresponds to the solid state. 
For temperatures above that 
of the triple point, the substance can only be solidified under high 
pressure. Thus LM corresponds to the state of unsaturated vapour. 



'Volume — • 

Fig. tao. — Isothermals ot a substance which 
contracts on solidifying. 
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MN corresponds to a mixture of liquid and saturated vapour. At N the 
substance is completely liquefied. When the pressure to which the 
liquid is subjected is increased to that corresponding to the point O, 
solidification commences. OP corresponds to a mixture of solid and 
liquid, the volume decreasing as solidification proceeds. At P the sub- 
stance is completely solidified, and PQ corresponds to the isothermal 
of the solid. 

A similar interpretation may be given of the isothermal RSTUVW, 
for a still higher temperature. Notice that at the temperature of the 
triple point the liquid and solid lines BC, CD, are at the same level. 
As the temperature is raised, the level of the line of solidification is 
farther and farther removed from the level of the line of liquefaction. 

Thus, the difference of level between VU and TS is 
greater than that between PO and NM. 

There is probably a critical temperature above 
which a substance cannot be solidified. The pressure 
corresponding to this temperature would, however, 
lie too great to permit of an experimental investigation 
of this point. 



I 









A 
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Isothermals of Water for Temperatures lower 
than that of the Triple Point. 

The discontinuous curve ABECD (Fig. 121), 
represents the isothermal of water for the temperature 

corresponding to the triple 
point. The curve from A to B 
corresponds to the state of un- 
saturated aqueous vapour. At 
B the vapour may commence to 
liquefy or to solidify, »>., to 
form water or hoar-frost, or 
both. From B to C ice, 
water, and saturated vajx)ur 
may exist simultaneously. At 
E the whole of the vapour may have been converted into ice. 
Diminishing the volume liquefies this ice, and C corresponds to 
the existence of nothing but water. CD is the isothermal for 
water. 

FGHKLN is an isothermal for a temperature lower than that corre* 
spending to the triple point. At G the vapour commences to solidify, 
r.e.f to form hoar-frost. GH corresponds to a mixture of ice and vapour. 
At H nothing but ice remains. HK is the isothermal for ice. At K 
the ice commences to liquefy under pressure. KL corresponds to a 


Jblumt 

Fig. lai. — Isothermals of water for tempera- 
tures lower than the triple point. 
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mixture of ice and water. At L the whole of the ice is melted, and LN 
is the isothermal for water. 

LN is to the right of CD. This signi6es that water, when kept liquid 
by pressure at temperatures lower than o", increases in volume during 
cooling. (See p. 86.) 

OPQRST is another isothermal for a still lower temjserature. Its 
interpretation is effected after the manner explained in reference to the 
curve FGHKLN. 

It is impossible to draw such a diagram to scale unless it is made 
very large. Fig. 121 is only intended to show the general form of 
the curves. 

It will be noticed that the various isothermals cut each other. This 
simply means that under a given pressure, water can occupy the same 
volume at two different temperatures. The pressure and volume referred 
to are those corresponding to the intersection of the tw'o curves. 

Atmospheric Phenomena. — When the atmosphere is 
saturated with aqueous vapour, one or the other of the following 
phenomena may occur : — 

I. Dew. — A cold object brought into contact with a mi.xture 
of air and saturated vapour causes a reduction in the tem- 
perature of the latter, resulting in the production of a state 
of over-saturation. Some of the vapour is condensOT into 
water, which appears at first in minute drops on the cold 
object. 

The amount of aqueous vapour in a particular part of the 
atmosphere, though perhaps insufficient to produce saturation 
at the temperature of the air, would suffice for saturation at a 
lower temperature. Thus, a cold object when brought into an 
unsaturated space, may cool the air near it to a sufficient degree 
for water to be deposited on its surface. 

The water condensed on the surface of a cold object brought 
into contact with air containing aqueous vapour, is termed 
dew. 

Dew Point. — That temperature at which the aqueous 
vapour distributed through a particular part of the atmo- 
sphere would suffice to produce saturation, is termed the dew 
point. 

It is obvious that for dew to be deposited, the temperature of 
the cold object on which condensation takes place must be at 
or below the dew point. 
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2. Mist. — if a large quantity of air more or less saturated 
with aqueous vapour is gradually cooled, a temperature will 
•ultimately be reached, at which the whole of the air is saturated. 
If small particles of matter are floating about in the air, the 
vapour will condense round these, forming small drops of water, 
which collectively constitute a mist. 

Clouds. — If a mist is formed high up in the air, it is termed 
a cloud. The more or less saturated air rises from the surface 
of the earth, and becomes cooler by expansion on reaching 
high altitudes ; or, by mixing with colder air, a state of satura- 
tion is attained, and a cloud formed. 

Expr. 58 . — To illustrate the formation of mist by causing saturated 
air to expand. 

Take a flask of about a litre capacity, clean its external and internal 
surfaces, and furnish it with a cork bored to admit a piece of glass 
tubing. Fasten a piece of india rubber-tubing to this glass tube, and 
introduce a layer of water about half a centimetre deep into the bottom 
of the flask. Allow this to stand for a time until the air has had an 
opportunity to become saturated. 

On sucking air out of the flask, a momentary formation of mist will 
be noticed. This mist disappears if the exhaustion is maintained for a 
sufficient time, or if the pressure is allowed once more to attain its 
initial value. 

* 

Hygrometers. — An instrument designed to determine the 
amount of aqueous vapour in the atmosphere at any particular 
place and time, is termed a hygrometer. 

The Hygrometric State of the Atmosphere is 
measured by the ratio : — 

Mass of aqueous vapour per c.c.of air at the observed temperature. 
Mass of aqueous vapour necessary to saturate one c,c. air at 

that temperature. 

The usual methods of determining the hygrometric state of 
the atmosphere are more or less indirect, and depend on the 
determination of the dew point, or some similar physical 
magnitude. The principles underlying these methods are as 
follows - 

Let the temperature of the air be observed ; then the mass of 
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aqueous vapour which would saturate i cubic metre at that 
temperature can be obtained from the following table : — 


Temperature in Centigrade 
Degrees^ 

Pressure of Saturated 
Vapour in mm. of Mercury. 

Mass of Saturated Vapour 
per Cubic Metre- 

0° 

4*57 

4*8 

5 

6-51 

6*8 

10 

914 

9*3 

*5 

12*67 

12*7 

20 

17*36 

17*1 

25 

23*52 

22*8 

30 

31*51 

30*0 

35 

41*78 i 

39*2 

40 

54*87 

50*6 i 

i 


At the dew point, the aqueous vapour distributed through any 
space would just saturate that space. Hence, the mass of 
vapour actually present in a cubic metre of air can be obtained 
by determining the dew point ; the required mass will be 
found in the third column of the above table, opposite to the 
temperature so obtained. 

It will be noticed in the alx>ve table that the ratio of the masses of 
a cubic metre of saturated vapour at any two temperatures is very nearly 
e<pial to the ratio of the saturation vapour pressures for those tempera- 
tures. Hence the hygrometric state of the atmosphere is often ex- 
pressed by the ratio : — 

Saturation Pressure of w^ater vapour corresponding to the dew point 

temperature. 

Saturation Pressure of water for the temperature of the air during the 

experiment. 

Dew Point Hygfrometers. — In these instruments a surface 
is gradually cooled down till dew begins to be deposited, when 
the temperature of the surface is determined. In order to 
render the first appearance of dew plainly visible, it is best to 
use a polished silver surface. 

DanieU's Hygrometer. — This consists of two bulbs, A and B, 
Fig. 122, connected by means of a tube bent so that the bullis hang 
downwards. Some ether or other volatile fluid is placed in one of 

R 
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these bulbs, A, which is made of black glass ; a thermometer whkjli 
dips into it indicates the temperature. The rest of the enclosed s|»ice 
is exhausted of air. 

In um‘og this instntmeot, the ether is first run into the bulb A, and then 
a piece of muslin, wrapped round B, is moistened with ether* Bapid 
evaptMfalion takes place, and the temperature of the bulb B is lowei^. 

Consequently the vapour inside 
B is condensed, and evapoiu- 
lioh takes place from the Uquid 
in A, resulting in a fall in the 
tempemture of the ether in A, 
and thence of the surface of the 
bulb. 

When the surface of A has 
reached atemperaluresufficiently 
low, a film of ckw will be con- 
densed on it j if cooling is dis- 
continued, this film will soon 
disappear* The mean of the 
temperatures indicated lif the 
enclosed thermometer when the 
f'io. ia 3 .~“I>anietl‘s Hyfprfimeter. respectively appears and 

disappears is taken as indicating 
the dew point of the surrounding almospherc* Tlie thermometer 
C indicates the temperature of the atmosphere. 

Aar^rw/A,— With a Danicirs hygrometer, it was noted that a film oi 
dew appeared when the enclosed thermometer indicatefl 9*5** C,, and ilis* 
appean^ when it indkatetl iO'S*C. The temperature of the atmosphere 
was IS*C. What was the hygrmnetric state of llie atmosphere ? 

Temperature of dew formation w 9 ’5 * 

„ „ disappearance of clew w 10*5* 

Dewpotot = S:i±^=.o> 

From the table on p. 341, we see that i culac metre of satumted 
sfimir at 10® C* ha* a mass of 9*3 grams. 

Further, in order to satiimte i cubic metre with aqueous vapour at 
c^<X, 13*7 grams of vapour are required. 

Ilettce, hygrometric state of the atmti«phere » 

9*1 

3 £ *‘ 3 %, 

137 
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Taking the ratio of the vapour prei^res, we get as a value of the 
same quantity j— 

ii*y 

Biaadvantages of Danieirs Hygrometer. —Danielfs hygrometer 
suflfers from the following dLsad^'aiitagcs : — 

1 . It is difficult to regulate the rate of cooling of the lailb A. 

2. Owing to glasa teing a bltd conductor of heat* the temperature of 

the ether within the bulb A, which is indicated by the thermometer, 
will not be equal to the temperature of the external surface of the 
glass. * 

3. Some difficulty is experienced in noting the first appeamnce of 
dew on the black bulb. 

4. Tlie oWrver must stand near the instrument, and his breath will 



Fig. 193.— Ditaea's Hj'groroeier. 


probably alter the hygromelric state of the atmosphere in that 
neighlarnrhood. 

Dioes'^a Hygrometer. — In this Instrument, Fig. 123, water cooled 
with ke is contained in a vessel A, and is allowed to flow in a slow 
stream over a thermomcler C. A thin plate dT black glass (which 
might advantageously be replaced by a thin sheet silver) is placed at 
E, immediately above the bulb of the thermometer. At the instant 
when a him of dew first appears on the ptate^ the temperature Indicated 
by the thermometer is noted. The fipw of the cold imter ia then 

■ - - ■ ' = ;R 2 -' - - 
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interrupted, and the temiwature indicated when the dew just disappears 
is observed. The mean of these two temperatures is taken as the dew 
point. The calculation to be performed in order to obtain the hygro- 
metric state of the atmosphere is similar to that already explained. 

Regnault^s Hygrometer. — The essential |xirts of this instrument 
are shown in section in Fig. 124. A test tube A has its lower [jart re- 
moved and replaced by a vessel B 
made jfrojn thin sheet silver polished 
on its outside. A glass tube CD, 
passing through a sound cork which 
closes the mouth of the test tul)e, 
dips almost to the bottom of AB. 
The interior of AB is put into con- 
nection with an aspirator by means 
of a side tube EF. 

Ether is poured into AB, and a 
current of air is drawn through 
this via CD, by the aid of an aspira- 
tor connected with the tube EFG. 
The evaporation of the ether, which 
can l>e controlled with the greatest 
nicety by adjusting the rate at which 
I air is drawn through the apparatus, 
leads to a cooling of the ether ; the 
temperature of the latter is indicated 
by a thermometer dipping into it. 
The polished external surface of B 
is watched from a distance by the 
aid of a telescope, and the instant 
that dew appears, the temperature 
indicated by the thermometer is read 
Fig. 134.— Kcgnault’s Hygrometer by the same means. A similar 
(section). polished silver vessel is provided at 

the end of a tube K, for purposes 
of comparison. The thermometer enclosed serves to determine the 
temperature of the surrounding atmosphere. 

The Wet and Dry Bulb Hygrometer. — When a piece of muslin, 
moistened with water, is exposed to the atmosphere, evaporation ac- 
companied by cooling generally occurs. The rate at which the water 
evaporates will depend on the degree of saturation of the surrounding 
air ; and as the rate of evaporation may be taken as representing the 
rate at which heat is leaving the liquid (being rendered latent in 
raporinng the water), the extent to which the water remaining on the 
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muslin is cooled will depend on the hygrometric state of the 
atmosphere. 

This principle is utilised in the wet and dry bulb hygrometer. The 
method of using this instrument will be made clear by the performance 
of the following experiment. 

Expt. 59. — To construct a wet and dry bulb hygrometer ^ and 
determine by its aid the hygrometric state of the atmosphere in the 
laboratory. 

Take two thermometers and support these at a distance apart of 
three or four inches, in the manner shown in Fig. 125. Wrap a piece of 
muslin loosely round the bulb of one of these, and fold the lower part 
of this muslin round one end of a 
piece of lamp wick which has been 
boiled with washing soda to remove 
any grease. The other end of the 
wick dips into an evaixjrating basin 
containing a little water, placed 
some distance to one side of the 
thermometer. 

To start the experiment, wet the 
muslin and the wick with water, and 
note the readings of both thermo- 
meters at short intervals of time. 

When stationary temperatures are 
reached, write these down. 

Theoretical formulce have been 
proposed to obtain the hygrometric 
state of the atmosphere from the 
respective temperatures indicated by 
the wet and dry bulb thermometers. These are of little importance, 
since the phenomena which occur during the experiment are too com- 
plicated to lead to a simple and yet satisfactory expression. 

Tables have, however, been constructed, showing the relation be- 
tween the temperatures indicated and the vapour pressure as determined 
by the aid of hygrometers such as have already been described. Such 
a table is given at the end of the book. 

Example. — On a certain day the wet and dry bulb thermometers in- 
dicated 13° C. and iS^C. respectively. Determine from this the hygro- 
metric state of the atmosphere. 

Dry bulb reading = IS^C. 

Difference in reading between wet and dry bulb thermometers = 2^. 

From the table, in the horizontal row corresponding to a dry 



Fig. 125. — Wet and dry bulb hygro- 
meter. 
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bulb reading of 15®, and in the column under 2“, we find that the 
pressure of the vapour in the atmosphere amounted to lO'i mm. 

. * . From the table on p. 241 we find that the pressure of saturated 
aqueous vapour at 15“ = 12*7 mm. 

10*1 

Hygrometric state of the atmosphere = = *80. 

Direct determination of the Mass*of Aqueous Vapour in a 
given Volume of Air. 

Expt. 60. — Take a targe bottle, such as is shown in Fig. 126, and 
nearly fill it with water. 

If the stop-cock be opened, air will be drawn into the bottle as 
the water leaves it ; and if the water be collected in a graduated 

measuring vessel, the 
volume of the air drawn 
into the bottle becomes 
known. 

Obtain a U-tubc and 
fill each limb to within 
alx)ut an inch of the top 
with a mixture of phos- 
phorus pentoxide and 
brf>ken glass in large 
pieces. Close its ex- 
tremities with india-rub- 
lx;r stoppers provided 
with bent glass tubes 
(Fig. 126). These latter 
should be pushed into 
pieces of india-rubber 
connecting tube, which 
are closed at the other 
ends by pieces of glass 
rod. 

Fio. 136.— The chemical hygrometer. Obtain a bottle with 

a wide mouth and close 
this with a cork bored to admit two glass tubes. One of these tubes 
dips to the bottom of the bottle, whilst the other descends only a short 
distance below the cork. Fill this bottle alx>ut half way up with a 
mixture of large pieces of' broken glass and phosphorus pentoxide. 
Insert the cork and close the ends of the glass tubes the aid of india* 
rubber tubes provided with pieces of glass rod. 
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Weigh the U-tube on a chemical balance. Then connect up as in- 
dicated in Fig. 126. The pieces of glass rod, which serve to exclude the 
atmosphere from the phosphorus pentoxide, should not be removed 
until absolutely necessary. Finally, the end D of the tube com- 
municating with the U-tube is opened, and the stop-cock S is turned so 
as to allow a gentle stream of water to issue forth. The phosphorus 
pentoxide in the bottle B prevents moisture from reaching the interior 
of the U-tube from the damp air in A. Hence the moisture which is 
absorbed in C will be wholly derived from the air which has passed into A. 

When a sufficient volume of water has been drawn off, close the stop- 
cock and remove the U-tube, closing its ends with the same pieces of 
india-rubber tube and glass rod as were previously used. The amount 
of moisture condensed in the U-tube can be ascertained by weighing. 
Read the thermometers which indicate the temperature of the external 
air, and that in A. 

Now, as a first approximation, we may say that the mass in of aqueous 
vapour which has been condensed in the U-tubes was distributed in 
the external atmosphere, through a volume V, equal to the volume of 
the water which has been drawn off from the stop-cock. The mass of 
va|X)ur M, which would saturate this volume at the temperature of the 
external atmosphere, may be obtained by the aid of the table on 
p. 241. Finally the hygrometric state of the atmosphere is equal to 

m 

M’ 

For accurate work, however, corrections are necessary, due to the 
following causes : — 

1. The air contained in A at the end of the experiment will generally 
be at a different temperature from the external atmosphere. 

2. The air in A will be saturated with moisture ; hence its volume 
will be different from that which it occupied when in the state of 
partial saturation pertaining to the external atmosphere. 

Vapour Densities. — By the density of a substance is strictly 
meant the mass of unit volume of that substance. In the case of 
gases and vapours, however, the term density is often under- 
stood to imply the ratio : — 

Mass of a certain volume of the gas or vapour at a temperature t 

and pressure />._ 

Ma^s^ofTiTequai volume ^f dry air at the same temperature 

and pressure. 

Different methods must be used according as it is required to 
determine the density of an unsaturated or a saturated vapour. 
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Density of an Unsaturated Vapour. Gay-Lussao’s 
Method. — Gay-Lussac introduced a small stoppered bottle, 
filled with a weighed quantity of the liquid to be experimented 
with, beneath the lower end of a barometer tube. When released, 
the bottle floated up into the vacuum at the top of the tube. This 
space was kept at a constant temperature, higher 
than the boiling point of the liquid, by means of a 
water-jacket. The stopper of the bottle was forced 
out by the expansion of the liquid ; complete 
vaporisation then quickly occurred. The volume 
occupied by the known mass of the substance, 
in the state of unsaturated vapour, under a pressure 
deduced from the height of the mercury column 
and the barometric pressure, thus became known. 
The mass of a given volume of dry air being 
known, the vapour density as above defined could 
be easily calculated. 

Expt. 61 . — To determine the density {mass of unit 
volume) of dry air. 

Take a cylindrical glass vessel with thick walls, of 
about the dimensions given in Fig. 127, and provided, 
as there shown, wiih a glass tap at each end. Clean 
this out, and dry it by drawing air through it whilst 
it is gently heated. Then connect one end with a drying 
tube, such as that used in the exjxiriment described on 
p. 246, and the other end with an air pump. Draw air 
**01055 gently through it for about ten minutes. Then close 

for deter- the stop-cock nearest to the pump, and after about a 
^'nslty *of minutes’ interval, allowed in order that the tube 

jumospheric and its contained air may attain the temi>erature of the 
surrounding atmosphere, close the other stop-cock ; ob- 
serve the temperature of the atmosphere in the room 
and the barometric pressure. Then disconnect the tube, and weigh 
it and its contained air. 

Once more connect one end of the tube with the air pump, and 
having opened the appropriate stop-cock, exhaust the tube as com- 
pletely as possible. When this has l^n done, close the stop-cock, and 
weigh the exhausted tube. The difference between this latter weighing 
and the one previously obtained will give you the mass of the air you 
have pumped out. 

In order to determine the volume of the air you have pumped out, 
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ojwn one of tlie stop*a>cks it» iio«Ie is aa<der water. Water 

will i« forced- into the tube by the pressure of the- atmosphere, and' 
if the ternperatiire of the water is equal to that of the air, and you 
iJiiimerse - the tube so far that the water siirfiices are le%*el inside 
and emtsitie, and then close the slop-cock, the volume of the air 
previously ptim|)eci out will te e*iiial to the volume of the enclosed 
water. Dry the outside of the tul>e and weigh it. Suhtmcling the 
mass of the lube when exhausted from its mais when j^rtially 
filled with water, the mass, and thence the volume of the water, is 
obtained. 

The density, of the dry air is obtained by dividing its ma» by its 
volume. 




Bmmas* Metliod of petermimng the of sa 

'tJnssturated Vapour. —A large glass flask (Fig. 128), pro- 



vided with a neck drawm 
otit 10 a fine tube, was par- 
tially hlied with the liquid 
the vapour density of which 
was required, and then im- 
mersed in a bath of oil or 
molten metal which could 
be maintained at a tem- 
perature considerably above 
the boiling point of the 
liquid. In order to keep the 
flask immersed, it was held 
in a heavy metal frame, 
which also sup|iorted ther- 
mometers to indicate the 
temperature of the batli. 

During the ebullition of 
the liquid in the flask, the 

vapour formed issued in a small jet- from the drawn out 
meek. This continued until the liquid was completely vapor- 
ised, at w»hich instant the .issue of -the t'apour abruptly 
ceased. “ The flask- was then full - of vapour at the atmospheric 
pressure and the temperature/- of the "bath. The- barometer 
.was then read, and ihe.miouth of .thq %'Sk. was sealed up with. a 
blowpi^. -- -■ - /- . 


Fig. itaS,— pii)Hiiw*'*py®ysttt!sf©r dcierimiiaing ' 
Ui« dtensii’y dt m vapoiw. 
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On weighing the flask a value w was obtained which represented the 
difference between the mass of the glass vessel plus the contained vapour 
and the mass of the air displaced. Thus 

W = tty + - Wat 

if tty = mass of empty flask weighed in vacuo, 
w, = true mass of the contained vapour, 
tt'a = mass of air displaced by the closed flask. 

The flask had previously been weighed with its mouth o|x;n to the 
atmosphere. If Wi was the value so obtained, we have 

Wj = tty - w'a 

where w'a represents the mass of the air displaced by the glass com- 
posing the flask (not that displaced by the closed flask). 

. a> - Wj = te, - {Wa - w'a). 

The quantity within the brackets represents the mass of air at the 
temperature and pressure of the atmosphere at the lime of the experi- 
ment which would just fill the flask. 

The cubical contents of the flask at 0“ C. having been detcrminc<l, 
the value of («;« - w'a) was calculated from the coefficients of cubical 
expansion of air and glass, and the density of the atmospheric air 
at o* C. 

Thus the mass of vapour which filled the flask of known capacity at 
an observed temperature and pressure was obtained. 

Expt. 62. — To determine the density of ether vapour by Victor 
MeyeVs method. 

A glass vessel, consisting of a cylindrical bulb A (Fig. 129) joined 
to a long and rather narrow stem BC, provided with a ground .stopper 
D and a side tube CE, is required for this experiment. The tube and 
bulb having being cleaned and dried, a small quantity of aslxjstos fibre 
or glass wool is pushed down to the bottom of A. The glass ves.sel is 
then supported in the manner indicated in the diagram, with the bulb 
and stem surrounded by a larger glass vessel G containing water, into 
which a few pieces of capillary tube or porous earthenware have been 
dropped. TTie orifice of the side tube is just immersed below the sur- 
face of some water contained in a suitable vessel. The .stopper D is 
removed, and the water in the outer vessel is boiled. A small stop- 
pered glass bottle is weighed when empty, and then filled with ether and 
^ain weighed. A graduated glass vessel filled with water is inverted 
over the orifice of the side tube CE, after the manner of a barometer 
tube. Then the stoppered bottle is dropped down the tube CB into A, 
the asbestos or glara wool preventing a breakage from occurring, and 
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the orifice D is immediately closed. The stopper is almost immediately 
forced out of the little bottle, and the ether is quickly vaporised. The 
vapour formed forces the air in the tube BC before it, and this air 
collects in the graduated vessel V. The volume of the air collected in 
V, when corrected for temperature and pressure (p. 231), will be 
equal to the volume of the ether va|X)ur at icx>“ C., and the barometric 
pressure at the time of the experiment. Thus, both the mass and volume 



Fig. 129. —Victor Meyer’s apparatus for determining the density 
of an unsaturated vapour. 

of the ether \'apour become known, and the density (mass of unit 
volume) of ether vapour at the atmospheric pressure, and a temperature 
of 100°, can be directly calculated. 

Density of Saturated Vapours.— The methods pre- 
viously described are unsuitable for the determination of the 
density of saturated vapours, since, if the bath were kept just 
at the boiling point of the liquid, it would be very ’difficult to seize 
the exact instant when the whole of the latter had become 
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vaporised. Hence it has been found necessary to employ different 
methods in this connection. 


Fairbairn and Tate's Experiments. — For determining the density 
of saturated vapours, Fairbairn and Tate used an ingenious method, the 
principle of which may be understood from the following ; — 

Let us suppose that a certain weighed quantity of liquid is placed in 
a closed vessel surrounded by a bath, the temperature of which can be 
accurately determined. As the temperature of the l}alh is raised, more 
and more of the liquid will be evaporated, until at a certain temperature 
the vessel will be entirely filled with saturated vapour, all of the liquid 
having disappeared. If there was initially a sufficient quantity of liquid 
in the vessel, the surface of the liquid will remain visible till the critical 

temperature is reached ; 
but if only a small quan- 
tity of litjuid was used, 
this will only suffice to 
saturate the space en- 
closed by the vessel at 
lower temperatures. Keg- 
nault has determined the 
pressure of saturated 
vapours at various tem- 
peratures ; hence, if it 
were found possible to 
determine at what tem- 



Fio. 130.— Illustrates F.airbairn and Tate s method 
of determining the density of a saturated vapour. 


perature the last trace of 
the liquid was vaporised, 


we should know the mass 


of the saturated vapour, and the volume which it occupied, and its pres- 
sure could be determined from a knowledge of the temperature of the 
bath, by the aid of Regnault's tables. 

Eye observations of the amount of liquid left unvajwrised at any par- 
ticular temperature are not sufficiently trustworthy for the require- 
ments of this experiment, as the presence of a small undetected 
drop of liquid' would throw the final results considerably out. On 
referring, however, to Andrews’s curves for carbon-dioxide (Fig. 96, 
p. 207) an important difference between the behaviour of saturated and 
unsaturated vapours may be noticed. Draw a vertical fine intersecting 
that part of the isothermaLs representing the relation between the pres- 
sure and volume of the unsaturated vapour. Then the distance measured 
along this line between any two isothermals will be equal to the increase 
in pressure when the unsaturated vapour is heated from the temperature 
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of the lower to that of the higher isothermal. On the other hand, the 
vertical distance between the horizontal parts of the same two iso- 
thermals represents the increase in pressure of the saturated vapour 
between the same limits of temperature. 

It will at once be noticed that the increase of pressure of the saturated 
vapour is much greater than that produced by a similar rise of temperature 
in the unsaturated vapour. Hence the moment that the whole of the 
liquid in a closed vessel is evaporated, a falling off will be observed 
in the rate of increase of the vapour pressure as the temperature of the 
bath is raised. 

Let us now suppose that we are provided with a couple of glass 
vessels A, B, connected by means of a tube bent twice at right angles 
(Fig. 130). If the interior of this piece of apparatus is exhausted, and 
then mercury is introduced into the bent tube, the surfaces will stand 
at the same level. If, now, different quantities of any one liquid 
are introduced into A and B, the level of the mercury surfaces will 
remain undisturbed, except in so far as the pressure due to the head of 
liquid in one tube may differ from that in the other. The pressure in 
both A and B will be that due to the saturated vapour of the same sub- 
stance, and this varies only with the temperature. 

On the other hand, if the whole arrangement is placed in a bath 
which is gradually heated, a difference in the mercury levels will take 
place directly after the whole of the liquid in one bulb becomes vaporised, 
provided that some liquid remains in the other. 

If the volume of the bulb containing the smaller (w-eighed) quantity 
of liquid is accurately known, and the temperature of the bath is noterl 
at the instant when a difference in the levels of the mercury surfaces 
Incomes apparent, we possess all the data requisite for calculating the 
density of the saturated vapour at that particular temperature. By 
using greater or smaller quantities of the liquid, higher or low^er 
temperatures will be necessary to entirely vaporise it in the closed space. 

Fairbairn and Tait’s results are not quite trustw'orthy, since condens- 
ation occurs on the walls of the vessels. Better results are obtained 
by indirect methods (see Callendar, Proc. Roy. Soc.t vol. 67, 1900). 

Speoiflo Volume. — By the specihe volume of a substance, 
we mean the volume occupied by unit mass (one gram or one 
pound) of that substance. 

Fig. 131 represents the general form of the isothermal of a substance, 
at and below the critical temperature. The substance will be wholly 
in a state of saturated vapour only at the extremities A, B, C of the 
straight portions AD, BE, CF of the respective isothermals. Hence in 
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order that the specific volume of the saturated vapour at various tem- 


peratures should be determined, the 



Volume 


substance must be constrained to 
pass through the conditions 
corresponding to the dotted line 
ABCK. Ifthe curves (Fig. 13 1) 
refer to one gram of a sub- 
stance, then its specific volume 
at the temperatures correspond- 
ing to the different isothermals 
will be given by Ooy Ob, Or, Ok. 

Similarly, it may be shown 
that the specific volumes of 
the liquid substance will be 
equal to Or/, Or*, O/, and Ok. 
It will at once be seen that 
w'hile the specific volume 
of the liquid increases with 
the temperature, the specific 
volume of the saturated 


Fk. of > substance for vapour decreases with the 

temperature below the critical tempera- temperature. At the critical 
ture, indicating the variations in the ^ ‘ 

specific volume of the liquid and saturated temperature, thc specific 
vapour with temperature. VOlumCS of both the Hquid 

and saturated vapour have 
the same value, viz., O^. F urther, the specific volume varies most 
quickly in the neighbourhood 


of the critical temperature, 
both in the case of the solid 
and of the liquid. 

The specific volumes of 
liquid hydrochloric acid and 
its saturated vapour are 
graphically represented in 
Fig. 132. These curves are 
due to Mr. G. Ansdell. It will 
be seen that the liquid and sat- 
urated vapour curves join each 
other at K. This point cor- 
responds to the critical tem- 
perature of hydrochloric add. 



Fic. 139.— Specific volume of hydro':bloric 
acid (after Ansdell). 




X 


PROPERTIES OF VAPOURS 


255 


Summary 

Vapour Pressure.— When a quantity of a liquid or solid is placed in 
an otherwise empty enclosure, part of the substance evaporates, and the 
vapour thus formed exerts a definite pressure. This pressure depends 
only on the temperature and not on the volume of the enclosure. If the 
volume of the enclosure is diminished, part of the vapour is condensed, 
and the remainder exerts the same pressure as previously. If different 
parts of the enclosure are at different temperatures the vapour pressure 
will correspond to the coldest part of the enclosure. 

Regnault has determined the vapour pressure of a number of 
substances at various temperatures. Consequently a measurement of the 
vapour pressure of one of these substances suffices to determine its 
temperature. 

The pressure of a mixture of gas and vapour is equal to the sum of 
the pressures of the gas and the vapour for the given volume and. 
temperature. (Dalton’s Law.) 

The vapour pressure of a solution of a non-volatile substance in 
water or any other pure liquid is always lower than the vapour pressure 
of the solvent at the same temperature. The amount by which the 
vapour pressure is lowered is proportional to the number of dissolved 
molecules. Substances which form electrically conducting solutions 
appear to be dissociated. 

The Triple Point, —If curves be drawn representing for a substance 
the relation (i) Ixitween temperature and vapour pressure of the liquid, 
(2) temperature and vapour pressure of the solid, and (3) the variation of 
the melting jx)int with pressure, these three curves will meet in a point. 
This point is termed the triple point. At the temperature and pressure 
corres[>onding to this point, the substance may simultaneously exist in 
equilibrium in the states of solid, liquid and vapour. At the tem|3era- 
ture corresponding to the triple point, the substance may boil and freeze 
simultaneously. 

The isothermals of a substance for the states of solid, liquid, 
and vapour will have different forms according as the substance 
contracts or expands on solidifying. 

Hygrometers. — An instrument designed to determine the amount of 
aqueous vapour in a given volume of atmospheric mr is termed a 
hygrometer. 

The hygrometric state of the atmosphere is measured by the 
ratio 

M ass of aqueous vapour in i c.c. of air a t the observed temperature 
Mass of aqueous vapour necessary to saturate i c.c. of air at that 

temperature. 
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Dew Point. — The temperature at which the aqueous vapour, actually 
existing in a given volume of atmospheric air, would suffice to saturate 
that volume is called the dew point. 

Dew Point Hygrometers. — In these instruments a surface is cooled 
down gradually till the deposition of dew commences, when the 
temperature of the surface is observed. The hygrometric state of the 
atmosphere can then be determined by reference to tables. 

In the chemical hygrometer the aqueousjvapour in a certain volume 
of air is absorbed by a suitable chemical substance, such as phosphorus 
pentoxide or strong sulphuric acid. The mass of vapour absorbed is 
determined by weighing. 

The wet and dry bulb hygrometer consists 01 two thermometers, 
the bulb of one being covered with muslin moistened with water. The 
rate at which water evaporates from the wet bulb depends on the 
hygrometric state of the atmosphere. 

Vapour Densities. — The density of a vapour may lie measured either 
as the mass of unit volume of the vapour, or as the ratio of the mass of 
a certain volume of the vapour at a particular temperature, to the mass 
of an equal volume of dry air, at the same temperature and standard 
atmospheric pressure. 

GayoDussac determined the density ot unsaturated vapours by 
observing the volume which a known mass of the vapour occupied 
when introduced into the space at the top of a Ixirometer tube. 

Dumas determined the density of un.saturated vapours by filling a 
bulb of known volume with the vapour, and then weighing. 

Density of Saturated Vapours. — Fairbatrn and Tatds experiment. 
The fact that the pressure of a saturated vapour increases more 
rapidly with the temperature than the pressure of an unsaturated vapour, 
can be seen by referring to Andrews’s curves for carlx>n dioxide. This 
fact was utilised by Fairbairn and Tate to determine the instant at which 
a weighed mass of liquid had been entirely converted into saturated 
vapour, filling a known volume. 

The specific volume is the volume of unit mass of a substance. 

The specific volume of a liquid increases with the temperature. 

The specific volume of a saturated vapour decreases with the 
temperature. 

At the critical point the specific volume of a liquid and its 
saturated vapour are equal. 

Questions on Chaiter X. 

(1) Explain a method of measuring the vapour pressure of a liquid ut 
relatively high temperatures. 

(2) Define the hygrometric state of the atmosphere, and explain how 
it may be determined. 
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(3) What is meant by an isothermal curve? Indicate the form of 
such a curve (a) for a gas, {d) for a vapour. How is the work clone in 
compressing the gas or vajxjur shown on the indicator diagram? (For 
last part of question, see Cliap. XVII.) 

(4) What do you understand by an isothermal curve ? Indicate the 
form of such a curve {a) for a mass of dry gas at 15°, (b) for the same 
gas when saturated with water vapour. 

(5) Describe some method of measuring accurately the vapour pres- 
sure of a liquid at various temjjeratures. 

(6) Define the triple point. Draw figures showing the three lines 
which meet in the |x>int (i) when the solid is less dense ; (2) when it is 
more dense than the liejuid at the same temperature and pressure. 
Indicate clearly in each case what parts of the diagram are allotted to 
each of the three states. 

(7) Define the dew point, and explain how to find the mass of 
aqueous vapour present in a given volume of air. 

(8) Distinguish between a gas and a vape^ur. I b>w would you show 
that the pressure of a mixture of gases and vap^mrs l>etween which 
there is no chemical action is equal to the sum of the pressures which 
each would severally exert if alone present ? 

(9) Two liquids, A and B, are introduced into two barometer tubes, 
the temperature of each being the same. It is noticed (i) that in both 
cases a little of the licpiid does not evaporate ; (2) that the mercury in 
the tube containing A is more depressed than that in the tube into 
which B was introduced. Which liquid would you expect to have the 
higher boiling point ? Give reasons for your answer. 

(10) What is the meaning of the term “ Humidity,” or “ Hygrometric 
state,” as applied to the atmosphere ? Give a short description of the 
instruments that are commonly employed for finding the state of the air 
with respect .to moisture. The dew point on a certain day being found 
to be 12® C., and the temperature of the air being i6'S® C, find its 
humidity, given that the maximum pressure of aqueous vapour at 12® is 
equivalent to i'046 cm. of mercury, while that at 16® is i’364 cm., and 
that at 1 7“ is i *442 cm. 

( 1 1 ) What is meant by the maximum vajwur pressure of a liquid at a 
given temperature ? Descril>e a method by which it has been measured 
for water. 

(12) How would you exf>erimentally determine the vapour tension of 
alcohol at different temperatures ? 

(13) Define the hoar-frost line, the ice line, and the steam line. 
Show that they meet at a point, and how to calculate the angles at 
which they meet. 

(14) Give an account of the deviations from Boyle’s I..aw exhibited 
by different gases. Assuming Boyle’s Law to hold, find the weight of 
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dry air fn a vessel containing 300 c.cs. of air saturated with aqueous 
vapour at 20“ C. and subject to a total pressure of 73 74 cms. of 
mercury ; the density of air at o® and 76 cms. being 0*001293 gr./c.c., 
and the pressure of aqueous vapour at 20® being i *74 cm. of mercury. 

(15) State Dalton*s laws of vapours. 

On a day when the barometer is 760 mras. high, the temperature of 
the air is 20® C., and the relative humidity is 0*5 ; what fraction of the 
whole pressure of the air is due to water vapour? The saturation 
pressure at 20“ is 18 mms. 

(16) Distinguish between saturated and non-saturated vapours. 

Describe some form of hygrometer, and point out any defects in the 

instrument described. 

(17) A mixture of air and of the vapour of a liquid in contact with 
excess of the liquid is contained in a vessel of constant volume. At a 
temperature of 15® C. the pressure in the* vessel is 70 cms. of mercury, at 
30® C. it is 88 cms., at 45® it is no cms., and at 60® it is 145 cms. 
Assuming that at I5®C. the vapour pressure of the liquid is 15*4 cms., 
calculate the vapour pressure at 30*, 45®, and 60® C. 

(18) A body expands on solidifying. Draw and explain the isothermal 
curve for a temperature at which the body can exist (under proper 
conditions of pressure) in the solid, liquid and gaseous state. 

PRACTICAI^ 

(1) Find the dew point by a Regnault hygrometer, and calculate the 
density of the air at the place of experiment (density of dry air at o® and 
760 mms. = 0*001293, density of water-vapour = g density of dry air). 

(2) Determine the dew ix)int, and deduce by the aid of tables the 
weight of water in a litre of the air of the room. 

(3) Find the vapour pressure of water from 80® to 100®. • 

(4) Measure the vapour pressure of the air in the laboratory by means 
of a chemical hygrometer. 


CHAPTER XI 


MECHANICAL CONSIDERATIONS 

In the ensuing chapters, attention will be directed to the 
connection between heat and mechanical work. As a prelimin- 
ary, a short sketch will here be given of some of the most 
important principles of mechanics. We will commence with a 
consideration of the units of measurement. 

Primary Units. Len^'/A.— Vhe scientific unit of length is 
the centimetre^ being one hundredth part of the distance (one 
metre) between two marks on a platinum bar, preserved at Paris. 
The metre was originally defined as one ten-millionth of an 
earth quadrant ; i.e. one ten-millionth of the distance, measured 
along a meridian on the surface of the earth, from the pole to 
the equator. This definition is, however, of little importance -, 
the metre may be taken as an arbitrary length defined by the 
distance between two marks on the standard bar mentioned above. 

The English unit of length is the foot. 

Mass . — The scientific unit of mass is the grants and is 
defined as the mass of one cubic centimetre of pure water, at 
the temperature of its maximum density, /.<?., 4' C. For many 
purposes it is sufficiently accurate to take the gram as the 
mass of 1 c.c. of water, irrespective of the temperature. 

The English unit of mass is the poutid. 

Time . — The scientific unit of time is the second. It is 
primarily defined from astronomical data which will not be 
considered here. For ordinary physical (as distinguished from 
astronomical) calculations, time may be measured by an 
ordinarily good watch. 



26 o 


HEAT FOR ADVANCED STUDENTS 


CHAP. 


Derived IJxiits. Velocity . — When a body is moving 
uniformly (/>., so that in equal intervals of time it passes over 
equal distances in the same direction), the velocity is measured 
by the distance traversed in one second. 

If the body moves uniformly through x centimetres during 

X 

t seconds, then its velocity will obviously be equal to ^ cms. 
per second. 

The velocity of a body may vary as follows : — 

(1) Itmayvary in magnitude, remaining constant in direction. 

Example. A stone falling towards the earth. 

(2) It may remain constant in magnitude, but vary in 
direction. 

Example. The motion of any given portion of the rim of a 
wheel, which is revolving uniformly. 

(3) Both of these variations may occur simultaneously. 

Example. The motion of the bob of a pendulum. 

Instantaneous Velocity.— The velocity of a body which 

is not moving uniformly is measured as follows. Let dx be the 
distance through which the body moves, in a time dt so short 
that the velocity may be considered to have remained constant 
during that interval. Then the velocity of the body, at the 

instant under consideration, — 

The notation here used is that of the differential calculus, but 
no knowledge of that branch of mathematics is presupposed on 
the part of the student ; dx must be taken, as a whole., to mean a 
very short distance by which x is increased in a very small time 
dt. Thus dx does not mean d y. x \ and similarly with dt. 

We might define the velocity of a body at any instant 
as the distance through which the body would travel in 
one second, if it continued moving as at the instant under 
consideration. 

Acceleration. — The rate of change in the velocity of a body 
is termed its acceleration. 

If a body, initially at rest, is found, after an interval of one 
second, to be moving with unit velocity (/.^., i cm. per second), 
then the acceleration is equal to one centimetre per second in a 
second, or i cm./sec.* 

Generally, if the velocity of a body, at a certain time /, is 
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equal to v cms. per second, whilst at a time t dt the velocity 
has increased cms. per second, then the acceleration is 

- dv 

equal to 


Force. — According to the system of mechanics introduced 
by Newton, the velocity of a body cannot be altered without the 
application of a force. In other words, force is that which 
changes, or tends to change, the velocity of a body. 

Newton’s first law of motion may be stated as follows : — 

A body will continue at rcst^ or mornng unifor7nly in a 
straight lifte, unless acted on by an extraneous force. 

The Unit of Force, called the Dyne, may be thus 
defined : — If a mass of one gram is acted on by unit force, then 
the velocity of the body will increase at the rate of one cm. per 
second in each second. 

The method by which this unit is introduced into calculations 
will be made clearer by an example. 


A l>0(ly, of which the mass is one gram, is allowed to fall from rest 
under the action of gravity. What distance will the Ixxly descril)e in t 
seconds ? 

Let the acceleration due to gravity, i.e.y the force exerted by 
gravity on a mass of one gram ; then, according to the definition just 
given, this force acting on a gram would communicate to it a velocity 
of g cms. per second at the end of one second ; 2^ cms. per second at 
the end of two seconds ; and tg cms. per second at the end of 
t seconds. But the average velocity of the body during these t seconds 
would be 

o + tg 

=r — cms. per .second. 

2 2 * 


Since the body has been moving with this averse velocity during t 

io 

seconds, it will have moved through t y. — — \gt^ cms. in that time. 

2 


Statical experiments show that gravity exerts on two ^^rams 
of matter a force twice as great as that on one gram. Further, 
a well-known experiment shows that a guinea and a feather 
fall at the same rate when in a vacuum. That is to say, after / 
seconds a feather will have acquired the same velocity as a 
guinea, if both fall from rest in a vacuum. Now, ;/r grams will 
be acted on by a force but this force has to move m grams 
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of matter. In order that the velocity acquired in t seconds 
should be independent of we must assume that the velocity 

generated in m grams of matter by a given force^f is -L of 

Pt 

that which would have been produced by the same force acting on 
one gram of matter. 

Thus, force of gravity acting o!\ m grams » mg dynes. 

Velocity generated by this force during t seconds = — — = gt. 

Let a = the acceleration (rate of change of velocity) of a body. 
If the mass of the body were equal to i gram, the force 
acting on the body would, by definition, be equal to a dynes. 
If the mass of the body is equal to m grams, then the force 
must be equal to ma dynes. In other words, force *= mass x 
vate of change of velocity. 

Momentum. — The product of the mass of a body into the 
velocity with which it is moving^ is called the momentufn of the 
body. 

Let m be the mass, and v the instantaneous velocity of a 
bodv. 

Then, force acting on body = m x rate of change in v. But 
since the mass of the body is constant, we may write force =» 
rate of change in {mv) — rate of change of momentum. 


Example. A mass of Mj grams is attached, by means of a flexible 
and inextensible cord passing over a frictionless pulley, to a mass of 
grams lying on a perfectly smooth table. (Mj can thus move over the 
table without any frictional force being exerted. ) With what vel<Kity 
will the masses be moving after t seconds if, when the cord is tight, M, 
is allowed to fall from rest ? 

Force on Mj = dynes. 

This force would produce a velocity of cms. per second at the 
end of t seconds if acting only on one gram. But both masses must 
move^with the same velocity, and hence the above force must move 
(Mj + Mj) grams. 

. * . Velocity generated in t seconds = * 

M, + Mg 

.Space moved through by either weight in / seconds =: 


1 
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Example. Two bodies of masses equal to Mj and Mj (where Mj > M^) 
are hung by an inextensible and flexible cord over a frictionless pulley. 
What will be the velocity of either body after / seconds, and what space 
will it have described ? 


Force of gravity acting directly on Mi = dynes. 

tt n »» Mjj = Mjg ,1 

But the force acting directly on either body is transmitted by means of 
the cord to the other body. Hence resultant force on Mj = Mj^ - 
acting downwards. 

Resultant force on M2=(M5^g^- Mj^) acting downwards, or (Mj - 
acting upwards.' 

Hence the force (Mi - has to move Mi + Mg grams of matter. 
Therefore velocity of either body after / seconds = 

(M, ^ 

-mTTmT 

Space covered by either in t seconds. 


(Mi-MgV* 

* Mi + Ma 


cm. 


Work and Energy.— When a body., acted on by any forces^ 
is mcnfed from one position to another., the product of the com- 
ponent force opposing its motion^ into the distance through which 
the body is motfed^ is defined as the work performed on the body. 

Unit of Work. — The work performed when a force of i 
dyne is ai/ercome through a distance of i cm. is called an erg. 

When a force of f dynes is overcome through a distance of d 
cms., the work performed will be equal to fd ergs. 

Let us apply this definition to the case of a body of mass w, raised, 
against gravity, through a vertical distance of h cms. The force acting 
on the body - M^, where as previously defined, has a value of about 
981 cms. per second per second. Hence work performed = 

The body is said to possess, at this second position, an amount of 
potential energy = M^A ergs, with respect to its initial position ; or, 
otherwise stated, the potential energy of a body of mass M is increased 
by Mgh ergs, when it is raised through a distance of h cms. against the 
force of gravity. 

Now let the body fall freely. When it reaches its initial position, it 
will have fallen through a distance h ~ where t is the time taken 
in falling. But the velocity, v, of the body after this interval = gt. 
Hence, since p® =« (.?/)* = ^ x = 2gh^ we have the following relation 
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This is a most important relation, and its meaning should be 
carefully studied. The left-hand side of the equation is equal 
to the work performed in moving a body from one point to 
another, through a distance against a force equal to 
which, if unopposed, would cause the body to move in the 
opposite direction ; in other words, it represents the difference 
in the potential energies possessed by the body at the two 
points. The right-hand side of the equation represents a 
function of the mass and velocity of the body, to which the 
term Kinetic Energy is applied. The above equation may 
theiefore be e.xpressed in words as follows : — 

The kinetic energy which a body will acquire in falling 
freely from ofte position to anothery is equal to the difference 
between the potential energies possessed by the body at those 
positions. 

In defining the work performed in moving a body from one 
position to another, as equal to the product of the force resisting the 
motion of the body, into the distance through which it is moved, 
nothing is said about the force which produces the motion of the 
body. This must of necessity be slightly greater than the 
resisting force, otherwise the body would not begin to move. 

Now we may define the product of the force exerted on the 
body by an external agent, into the distance through which the 
body is thereby caused to move, as the work performed ^ the 
agent. 

If the work performed on a body when it is moved through 
any distance against a resisting force is taken to be positive, 
the work performed by an agent y as defined above, may be 
given a negative sign. In one case the force and the distance 
moved through have opposite signs, whilst in the other case the 
signs are similar. 

If the force exerted by the agent in moving a Ixxly is uniformly 
greater than the force resisting this motion, the excess of the work per- 
formed by the agent, over the work performed on the lx>dy, will Ixr 
spent in communicating kinetic energy to the body. Thus, if F = the 
force exerted by the agent,/ = the force resisting the motion of the 
iKidy, h = the distance moved through, and M = the mass of the Ijody, 
supposed to be initially at rest, then the velocity of the l>ody after 
having been moved thro:^gh the h cms. is given by v in the equation 

FA = /A + 
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Units of Work. — The following units of work are used ; — 

An erg is the work performed in overcoming a force, equal !o i 
dyne, through a distance of i centimetre. 

A centimetre- gram is the work performed in overcoming a force 
equal to that exerted by gravity, at a particular place, on a mass ot 
I gram, through a distance of 1 cm. At places where g = 981, 
I centimetre-gram = 981 ergs. 

A metre-kilogram is the work performed in overcoming a force 
equal to that exerted by gravity on a mass of i kilogram (1,000 grams), 
through a distance of i metre (100 cms. ). If g = 981, 

i metre- kilogram = 1,000 x 981 x 100 = 9*81 x 10^ ergs. 

A foot-pound is the work performed in overcomiiig a force equal to 
that exerted by gravity on a mass of 1 pound through a distance of i 
foot. 

Taking i inch = 2*54 cms., I lb. = 453 '6 grams, it may be seen 
that 

I ft. -lb. = 453'6 X 981 X 12 X 2*54 = i'337 x 10" ergs. 

A foot-poundal is the work performed in overcoming a force of 1 
jK)undal through I foot. 

I ft. -lb. = 32 ft.-ix»undals. 

When kinetic energy is expres.scd by 

E = i 


the result will be measured in ft.-poundals or in ergs^ according as the 


English or the metric system is used. 
Kinetic energy, measured in ft. -lbs. 




M is measured in lbs., v in ft. per second, and ^ — 32 ft. /sec.® 


Power is defined as rate of performing w'ork. If 33,000 ft. -lbs. of 
work are jxjrformed in one minute, then the rate of i^erformance of work 
is defined as one horse-power. 

In the e.G.S. (centimetre, gram, second) system, the unit of p(3wer 
is one erg per second. 

One watt == 10^ ergs per second. One horse-power = 74C watts. 


Summary 

The velocity of a body at any instant is definetl as the distance 
through which the body would travel in one second, if it continue<l 
moving at at the instant under consideration. 

Acceleration. — The rate of change in the velocity of a body is 
termed its acceleration. 
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Momentum. — The product of the mass of a body into the velocity 
with which it is moving at any instant is defined as the momentum of 
the body at that instant. 

The resultant force acting on a body is measured by the rate of 
change of the momentum of the Ixidy. 

The dyne is the unit of force in the C.G.S. (centimetre, gram, 
second) system. This force would increase the velocity of one gram of 
matter by one centimetre per second in each second. 

The poundal is the unit of force in the English system. It would 
increase the velocity of one pound of matter by one foot per second in 
each second. 

Force of gravity on one gram of matter = 981 dynes. 

Force of gravity on one pound of matter = 32 poundals. 

Work is measured by the product of the force opposing the motion 
of a body into the distance, parallel to that force, through which the 
body is moved. 

An erg of work is performed when a body is moved through one 
centimetre against a force of one dyne. 

A foot poundal of work is performed when a body is moved through 
one foot against a force of one poundal. 

A foot-pound of work is performed when one pound is raised 
against the force of gravity through a distance of one foot. 

Kinetic Energy is the name given to the product of half the mass 
of a body into the square of the velocity with which the body is moving. 
Or, kinetic energy = iMr/’. 

Potential Energy. — When work is performed in moving a body 
from one position to another, against a force which would cause the lx)dy 
to move in the opposite direction if alone acting on it, the potential 
energy of the body is said to be increased by a quantity equal to the 
work performed. 


Questions on Chapter XI. 

(1) Define the terms energy and work, and explain how, first, the 
kinetic, secondly, the potential, energy of a falling body is measured. 

(2) What is meant by energy of position, and by a foot-pound ? 

A reservoir of water, of area 330,000 sq. feet, is initially of uniform 
depth 10 feet. How many ft. -lbs. can it supply to a turbine on a level 
with the bottom of the reservoir, and what horse-power can it maintain 
on the average if it is emptied in 10 hours ? 

I cubic ft. of water weighs 62*4 lbs ; i honse-power is 33,000 ft. -lbs. 
per minute. 


CHAPTER XII 


THE FIRST LAW OF THERMODYNAMICS 

Theories of Heat. — In the earlier theories, heat was con- 
sidered to be an elastic fluid which material bodies could, so to 
speak, absorb, their temperatures being thereby raised. This 
explanation is tolerably sufficient as far as calorimetric ex- 
periments are concerned, although we have already had occasion 
to remark that a very different conception will simplify the ex- 
planation of many interesting phenomena. It now, however, be- 
comes necessary to inquire more carefully into the nature of heat. 

Curiously enough, an experiment with which savage tribes are 
familiar throws a flood of light on the subject. That two bodies 
when rubbed together become warmer is a phenomenon with 
which every one is familiar. Savages manage to obtain a suf- 
ficient rise of temperature, by rubbing two pieces of wood 
together, to produce ignition. Now this means that, during the 
rubbing, a certain quantity of heat has made its appearance ; 
and unless we assume that the heat is squeezed out of one of the 
bodies, much as water may be squeezed out of a sponge, it 
becomes difficult to account for such a phenomenon. 

Francis Bacon, Baron Verulam, seems to have been the first 
to attempt a systematic examination of the various facts knowm 
in regard to heat, in order to form a rational theory by which 
the facts might be explained. After carefully considering a 
large number of mechanical methods by which heat could be 
produced, he reached the conclusion that heat is inseparably 
connected with motion. 

Oalorio. — Up to the beginning of the present century, 
philosophers for the most part considered heat to consist of an 



268 


HEAT FOR ADVANCED STUDENTS 


CHAP, 


elastic fluid, which they termed caloric. In order to account for 
the flow of heat from hot to cold bodies when placed in contact, 
this fluid was supposed to possess the property, that different 
parts of it repelled each other. To account for the difference in 
the specific heats of different bodies, matter was supposed to 
possess an attraction for caloric, which varied with the chemi- 
cal constitution of the body. Further* caloric was considered 
to be indestructible. Hence, caloric lost by one body was 
always gained by some other body or bodies. As to whether 
caloric possessed weight, opinions were divided, till in 1799 
Count Rumford performed a series of delicate experiments, 
leading to the conclusion that “all attempts to discover any 
effect of heat upon the weights of bodies will be fruitless.” 

Certain philosophers considered that it was necessary to 
assume the existence of other elastic fluids, similar in many 
respects to caloric, but differing in their mechanical and thermal 
effects on bodies. Thus, the expansion of ice on freezing was 
by some accounted for by assuming the introduction of a fluid 
termed fri^s^orific. 

Heat produced by the Compression of a Gas.— 
Every one who has inflated a bicycle tyre will probably have 
noticed that the end of the pump nearest to the tyre becomes 
heated during the operation. In this case, heat is produced by 
the compression of the air in the pump. That heat is produced 
during the compression of a gas was first noticed by Dr. Cullen 
and Dr. Darwin. 

The Fire Syringe . — This instrument consists of a cylin- 
drical glass tube closed at one end, and fitted with an air-tight 
piston. In order to exhibit the effect of the heat produced when 
the contained air is compressed, a piece of cotton-wool moistened 
with carbon bisulphide is thrown into the tube and then re- 
moved. By this means the tube is left filled with a mixture of 
air and carbon bisulphide vapour. On suddenly pressing the 
piston inwards, this mixture is compressed, and the flash of light 
which is seen indicates that a sufficiently high temperature has 
been attained to ignite the inflammable vapour. 

Dalton's Experiments. — Dalton was the first to measure 
the rise in temperature produced by compressing air. He 
concluded that when a given quantity of air is compressed to 
half its volume, a rise of 50^ F. (ayS^C.) is produced. 
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D along confirmed this result, and showed that the rise in 
temperature for a given compression is independent of the 
nature of the gas experimented on. An expansion of a gas is 
attended by a corresponding fall in temperature. 

Count Rumford’s Experiments,— Whilst engaged in 
superintending the boring of cannon at the naval arsenal at 
Munich, Count Rumford was impressed by the high temperature 
of the metallic chips thrown off. The calorists, of course, were 
familiar with the fact that heat is produced when two bodies are 
rubbed together ; they explained this by stating that during the 
process, the particles of the bodies are pressed closer to each 
other and caloric is thus extruded ; and, further, that the specific 
heat of a substance in a state of fine division is less than that of 
the same substance when in large masses. Neither of these 
statements appear to have Ix^en founded on any special 
experimental evidence. 

To examine the matter further, Rumford mounted a cylin- 
drical mass of gun metal so that it could be rotated by horse- 
power, and pressed a blunt borer against one of its ends, A 
fiannel covering was provided to prevent loss of heat, whilst a 
thermometer, placed in a small hole bored for the purpose, 
serv*ed to indicate the temperature of the mass. 

After 960 revolutions had been made, it was found that the 
temperature had risen from 60 V. to 130' F. The metallic dust 
abraded was found to weigh 837 grains Troy. “Is it possible,” 
he wrote, “ that the very considerable quantity of heat produced 
in this experiment (a quantity which actually raised the tempera- 
ture of above 1 1 3 lbs. of gun metal at least 70 degrees of the 
Fahrenheit thermometer, and which, of course, would have 
been capable of melting 6| lbs. of ice, and of causing near 5 lbs. 
of ice cold water to boil), could have been furnished by so in- 
considerable a quantity of metallic dust, and this merely in 
consequence of a change in its capacity for heat ? ” 

Rumford further convinced himself that the specific heat of 
the metal employed was sensibly the same, whether that metal 
was in large masses or in the state of chips. He concluded 
that there was no reason to suppose that the same metal, 
when reduced to a state of finer division by the action of a 
blunt borer, would have its specific heat altered to any great 
extent. 
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The most cogent reason urged by Rumford against the 
calorists, was that there appeared to be no limit to the amount 
of heat that could be produced by friction. Unless a body is 
considered to initially possess an infinite store of caloric, it 
would appear rational to suppose that the amount which could 
be extruded by pressing the particles closer together must be 
limited. On the other hand, Rumforc^ found that the evolution 
of heat was as brisk at the end as at the beginning of the 
experiment. 

Rumford also found that if the metal cylinder was immersed 
in water, the latter could be boiled by the heat produced when 
the cylinder was rotated with a blunt borer pressed against its 
end. 

“ It is hardly necessary to add,” Rumford concluded, “ that 
anything which any insulated body or system of bodies can 
continue to furnish without limitation cannot possibly be a 
material substance ; and it appears to me to be extremely diffi- 
cult, if not quite impossible, to form any distinct idea of any- 
thing capable of being excited and communicated in the manner 
the heat was excited and communicated in these experiments, 
except it be Motion.” 

Dav3r*s Eixperiments. — In 1799, Humphry Davy published 
a work entitled, “Essay on Heat and Light and Combinations 
of Light,” in which the theory of caloric was once for all dis- 
proved. 

He states that he procured two pieces of ice, and fastened 
these by the aid of wire to two metal bars. The ends of the 
two pieces of ice were placed in cont.act, and rubbed together 
violently by the aid of suitable mechanism. After a short time 
nearly all of the ice was melted, and the resulting water was 
found to have attained a temperature of 35° F. 

Further experiments were performed, in which the blocks of 
ice were rubbed against each other in a vacuum. 

Now there is no question that a considerable quantity of hctat 
must be communicated to a mass of ice at 0° C., in order that it 
may be converted into water at the same temperature. That 
heat is capable of being squeezed out of the ice, or that the 
specific heat of water is less than that of ice, are both alike in- 
admissible e>q)lanations of this experiment. Further, the con- 
clusion reached by Davy, that any quantity of ice could be 
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melted by a sufficient amount of rubbing, must be taken to con- 
firm Rumford’s statement, that an unlimited supply of heat can 
be obtained by rubbing two bodies together for a sufficient time. 
Hence the idea that heat is a material or quasi-material fluid 
must be flnally abandoned. 

Work and Heat. — Let us, for a moment, consider the ex- 
periments of Rumford and Davy from a slightly different stand- 
point. In both cases bodies pressed against each other were 
maintained in relative motion, and in both cases the friction 
between the bodies opposed their relative motions. In other 
words, the moving body was kept in motion against an op- 
posing force. But this means that work was being performed. 
The question now naturally arises, is there any relation between 
the work performed and the heat produced. 

This question was for the first time answered in a perfectly 
satisfactory manner by Dr. Joule, of Manchester, as a result of 
experiments commenced in 1840. 

In 1842, Dr. Julius Robert Mayer, of Heilbronn, stated that 
there was a strict equivalence between the work performed and 
the heat produced in any particular circumstances. He even 
calculated the value of the work which would suffice to raise the 
temperature of a given quantity of water through a given 
number of degrees. His conclusions, however, were founded 
on certain assumptions which have since been proved to be 
only approximately true, and which were, moreover, not 
generally accepted at the time when Mayer published his 
statement. Other physicists had grasped the idea of the 
equivalence of heat and energy prior to the time at which Joule 
published the results of his classical researches ; but in all of 
these cases the conviction entertained had more or less of the 
nature of a plausible assumption, whilst Joule’s conclusions were 
based on experimental evidence of the most conclusive and 
unimpeachable character. 

Before proceeding to consider how the equivalence between 
energy and heat was proved by Joule, a recently devised experi- 
ment, which can be performed by the student himself, will be 
described. It illustrates the essential principles underlying all 
such investigations, and suffices to determine the amount of 
energy equivalent to unit quantity of heat, with an error not 
exceeding one per cent. 
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Expt. 63. — 7t> determine the amount of energy which is equivalent 
to unit quantity of heaty using^ Prof. CallendaPs apparatus. — Let us 
suppose that a body is pulled along a flat strip of brass which is laid on 
a table. The motion of the lx)dy is opposed by the frictional resist- 
ance called into play, and consecjuently work must lie done in moving 
the body. If it is pulled along the strip by a cord, which passes over 
a frictionless pulley and is then fastened to a weight which can descend 
vertically, the work done is etjual to the for<;e of gravity acting on this 
weight, multiplied by the distance through which it descends. Now let 
us suppose that the strip of brass is pulled along the table in a direction 
opposite to that in which the lx)dy tends to move under the action of 
the weight ; if the sjjeed with which the strip moves is sufticient, the 
body will remain stationary, the frictional force exerted on it by the 
moving brass strip being equal and opjx)site to the pull exerted by the 
weight. The work done is now equal to the pull of gravity on the 
weight multiplied by the distance through which the brass strip is moved. 

The heat produced will be distributed in the 
borly and the brass strip, and can be deter- 
mined if the specific heats of the liody and the 
strip are known, and the rises in their temper- 
ature can be observed. How'ever, very little 
work would be done under the supposed con- 
ditions, and the temperatures of the lx>dy and 
the strip could not be observed with accuracy ; 
Iresides which, much heat would be lost during 
the experiment. If we imagine the strip to lie 
bent into the form of a circular cylinder, 
which is rotated about its axis so that the lx>dy 
pressing on its curved surface remains stationary, 
the same reasoning will apply, but now work 
can be performed continuously, and the matter 
which absorbs the heat will be more concen- 
trated, with the result tlW /the heat produced 
can be measured with /^curacy. This will 
serve to explain the prififiple on which Prof. 
Callcndar’s apparatus is constructed. 

The essential parts of this apparatus arc 
represented in Fig. 133. D is a brass drum 
mounted so that it can be rotated about a 
horizontal axis coinciding with the axis of the 
cylinder. A weight, A, of about 3 to 5 kilograms, is hung from 
two parallel silk riblions, which are wrapped once round the curved 
surface of the cylinder, their ends lieing connected l)y a cross* 



Fu;. 133.— Diagrammatic 
representation of Prof. 
Calleiular's apparatus 
for determining the 
work which will pro- 
duce unit quantity of 
heat. 




Fks. 133A. “-Prof. CaWendart apparaios. 

^ tki C^uthriti^ imstrmmemt C#.) 

automatically afJ|«st I, be tension of the ribhoitj and with itthe friciiomil 
ftwc-c eallect into play/ part of the for«f exerted by _ the weight 11 is taken 
liy a spring tmlance, S, the tipper end-of the. spring Wng ait&ched to 
a |»rt of the stand which supports the apparalos -llw more the lower 
end iii the spring desccntls^ the more is the spring -strelche-tij aiid. the 
greater f^rt'of the wei^it -B does it take, te^-ns now suppose that 
at. a pariicukr instant the‘rihb^-ia wrapped tt>o ti|^tly round -the 
cylinder i the frkiloiuii ftwcf will be too great, the weight A -will ike, 
Awi the end of -the rihten, which, sappoWs B wilt d^end. with the 
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piece of ebonite, to tlie middle of whidt another silk libhoii is 
attached this rihtwm also is wrapped rouml the cylinder, lying 
between the other tw'o ribbons, and is finally attached to a. 
framework which carries a weight, B, of alxjut 200 to 4130 gimins. 
The drum is rotated at the rate of almiit 60 to ic» resolutions per 
minute, in the direction of the arrow ; the frictional force exerted by 
the rotating drum on the riblton serves to support the weight, A, when 
the riblion is wrapfied tightly enougii round the drum. In order to 
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esult that more of the weight B is taken by the spring, and less by the 
ibbon ; hence the ribbon automatically becomes more slack, and the 
Victional force called into play diminishes. 

Let M be the mass of the weight A and the brass hook to which it is 
Lttached ; and let tn^ be the mass of the weight B and the frame- 
vork which carries it, while is the reading * of the spring balance, 
vhich gives the weight supported by the spring S. Then the 
orce opposes the rotation of the drum, while the force - m^)g 
Lssists it ; hence the resultant opposing force is equal to (M - + "/2k'* 

ind if this is multiplied by the product of the circumference of the drum 
ind the number of revolutions completed in a given time, we shall 
)btain the work done in that time. 

The drum weighs alxjut 700 grams, and as the specific heat of brass 
s roughly equal to 0‘l, the water equivalent of the drum is alx)ut 
ro grams. Four hundred and thirty grams of water are intrcxiuccd 
nto the drum, so that the water equivalent of the drum and its 
rontents is 500 grams. The bulb of a bent thermometer dips into the 
vater, so that the rise of temperature can be accurately observed. The 
otation of the drum keeps the water well stirred. 

A revolution counter rings a bell at the end of every hundred turns of 
he drum, and if the thermometer is read every time the bell rings, 
t will be observed that approximately equal rises of temperature are 
produced ; hence, since the work done in a hundred turns is always 
he same, equal amounts of work produce equal quantities of heat, or 

^he work W done is proportional to the heat H 

produced. Hence if we divide W by H, we obtain a constant 
jiving the number of units of w’ork which arc equivalent to unit 
juantity of heat. The ratio W/H is called the mechanical 
equivalent of heat or Joule’s equivalent, and is denoted 

J* 

An accurate value of J can be obtained by taking the following 
precaution. To eliminate loss of heat, the initial temperature of the 
vater is made as much Ipelow the temperature of the room as the final 
emperature will be above it. 

Joule’s Experiment.— The method used by Joule in his 
letermination of the mechanical equivalent of heat is essenti- 
illy similar to that employed in the foregoing experiment. 

A quantity of water was contained in a copper vessel AB, 
Fig. 135, of peculiar design. This vessel was fitted with a water- 
tight lid, provided with two apertures, a central one through 

1 An index shows the weight supported by the spring balance ; this is not shown 
in Fig. X33. See Fig. 133A. 
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which passed a sjjindlt , and an eccentric one through which a 

sensitive thermometer could be inserted. The spindle carried 

eight sets of radial arms, which 

were so constructed that they could 

just pass through apertures cut in 

four radial vanes attached to the 


inside of the containing vessel. 
Fig. 134 is reproduced from a photo- 
graph of the actual vessel used by 
Joule ; this is now preserved in 
the science collection at South 
Kensington Museum. 

Consider for a moment what will 
happen when the vessel has been 
filled with water, and the spindle 
is rotated. A bodily motion will 
be communicated to the water by 
the moving arms. Almost im- 
mediately, however, the water will 
be brought to rest after impinging 
against the fi.\ed vanes. As in the 
previous experiment, the kinetic 
energy possessed by the moving 
water will thus be converted into 
heat. 

The method used for setting the 
r.'idial arms in motion, and measur- 
ing the work performed, is shown 
in Fig. 135. The spindle was at- 
tached to a drum / round which 
two pieces of twine were wound 
side by side, in siu li .1 manner 
that both left it at the same level, 
but at the opposite extremities of 
a diameter, so that when equal 
forces wci'c- applied to the two 
piece.s of t\\iiu‘ the spindle was 
caused to rotate. I'he pieces of 
twine were wound round discs a, 
supported by means of axles 
mounted on friction wheels (/(f, dd. 



1 It:. 1 ; 4. -Joules scatorimeterj 
with stationary vanes ana 
the movable arms raised so as 
to be exposed to view. (FVom 
a photojiraph.) 
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Leaden weights e, e, were hung from strings wound round the 
rollers which were connected with the discs dr, a. 

Supposing the weights to have been raised to their highest 
level, and the temperature of the water in AB to have been noted, 
the subsequent procedure was as follows. The weights were re- 
leased, and the paddles set in motion. The work done in any 
interval of time will be equal to the suip of the products of the 





Fig. 135.— Joule’s arrangement for determining the mechanical equivalent of heat. 
(Tue calorimeter AB, with the spindle, &c., are separately shown in Fig. 134.) 


forces acting on the weights into the respective distances 
through which they have fallen. When these weights had 
reached the ground, having fallen through known distances, 
the temperature of the water in the calorimeter was again 
noted. The drum / was then detached from the spindle 
by removing the pin />, and the weights were again raised 
to their highest level by turning the handle at the top 
of/. The pin p was then replaced, and the above procedure 
repeated. 

A mercury thermometer reading to C. was used to in. 
dicate the temperature of the water in the calorimeter. 
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In a particular experiment, the mass of both the weights e, was 
26,320 grams, and each fell through a distance of 160*5 cms. twenty 
times in succession. The work performed was then equal to 

20 X i6o’ 5 X 26,320 X 981 = 8*287 ergs. 

The water equivalent of the calorimeter AB and its contents was 
6316 grams, and the rise in temperature during the experiment was 
*3129“ C. 

Hence the heat produced = 

6316 X *3129 = 1977 therms. 

_ ^Vork performed _ 8*287 ^ 

^ Heat produced i *977 x 10* 

41*9 X 10® = ergs per therm. 

Corrections. — Experiments were performed to determine 
the magnitude of the corrections for the following sources of 
error. 

1. Cooling; of the calorimeter. — The rate of change of the 
temperature of the calorimeter and its contents was determined 
immediately before the commencement, and again immediately 
after the conclusion, of an experiment. Thus the rate at which 
heat was gained or lost by radiation or convection could be 
determined. For method of applying this correction see 
p. 131. 

2. Velocity of weights on reaching the floor. — The above cal- 
culation is made on the assumption that all of the work per- 
formed is used up in heating the water. If, on the other hand, 
the weights reach the floor whilst moving \vith an appreciable 
velocity, the kinetic energy which they possess the instant before 
they are brought to rest must be subtracted from the total work 
performed, in order to obtain the work utilised in heating the 
calorimeter. In Joule’s experiments, the final velocity of the 
w’eights was about 6*16 cms. per second. 

3. Elasticity of the cords. — The cords were initially stretched 
by the weights hung from them, so that they contracted 
after the weights had reached the ground, thus causing a 
further small rotation of the paddles, and a further evolution 
of heat. 

4. Friction of the pulleys. — The force necessary to maintain 
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the weights moving uniformly, when impeded only by the friction 
of the pulleys, &c., was determined by disconnecting the drum f 
(Fig. 135), and arranging that the fall of one weight should neces- 
sitate the raising of the other. Small masses of metal were 
then added to one of the weights till a uniform velocity 
equal to that attained in the experiment was produced. 

5. Energy lost from vibrations , — A humming sound was pro- 
duced by the motion of the paddles, and the energy which was 
thus radiated in the form of sound waves was estimated. 

Howland’s Experiments.— In 1879, H. A. Rowland, 
of Baltimore, U.S.A., published an account of a careful repe- 
tition of Joule’s work. The weak points in Joule’s determina- 
tion of the mechanical equivalent were as follows : — 

1. Joule’s mercury thermometer was not compared with an air 
thermometer, so that the measurements of temperature were not 
quite certain {see Chap. II.). 

2. The whole rise in temperature during a single experiment 
was small. 

3. It was assumed by Joule, on the authority of Regnault, 
that the specific heat of water between and 100'’ was constant 
(see Chap. VI., p. 134). 

The method used by Rowland may be understood from an 
examination of Fig. 136. The calorimeter A was attached to a 
vertical shaft BC, which in its turn was fastened to a torsion wire 
CD. A horizontal arm attached to the shaft BC, carried weights 
Wj, «/2> which could be moved so as to vary the moment of 
inertia of the suspended parts. The shaft BC passed through 
the centre of a circular disc E, to which it was firmly attached. 
Silk cords which passed over the idle pulleys /j, and were 
attached to weights Wj, W2, were wound round the disc 
E in such a manner that they left it tangentially at the 
opposite extremities of a diameter, and exerted a couple tending 
to rotate the disc. 

A steel axle passed upwards through the bottom of the 
calorimeter, and carried a set of paddles, each pierced by 
numerous holes. These paddles moved between fixed vanes 
attached to the calorimeter. The axle was rotated by the aid 
of the wheel g^ which in its turn was driven by a steam 
engine. 

When the paddles were rotated, it was found that the 
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;empeniture of the calorinicter and 'the water which fitted It 
:ould be increased at the rate of 45"' C, per hour. 

The method of measuring the work performed was somewhat 
iifferent from that used by Joule in his earlier experiments 


0 



Fio, t j&,-*~Eowtai5ni’» arrawgcwicni for «kteri«tw»ag Ae 

0 (|t»ivaleftt of heat. 


{p, 274), though agreeing substantially with the arra'ngement 
used in his I S78 determination. " " 


The fftdkl fmtidles the water in movement, ami in so doing were 
subjected to a pressitie tciidln| to oppe^ their motion. 'Let m assume 
that a force of/i dynes is exerted on an" ejement of area of one of itte- 
paddies al a di^ance r, cins,. frutn the axis of rotation. Thus the work 
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done in overcoming this force during one second (the paddles having 
made n revolutions in that interval), is equal to 

n X /"i X 2irrj = 2itnri/i 

Similarly, the work performed in overcoming the force /^, on an 
element of area at a distance during the same interval, is equal to 

2irn 

Hence, the total work performed in 'one second is given by the 
expression 

2ir»2 fr, 

where 2 /r denotes the sum of the products of the forces exerted on the 
various elements of all the paddles into the respective distances of 
their points of application from the axis of rotation. 

The moving water, when brought to rest by the stationary vanes, 
exerts a force on these latter tending to rotate the whole calorimeter. If 
a force Fj is exerted on an element of area of one of the stationary 
vanes, at a distance Rj from the axis of susj^ension, then the resulting 
couple tending to rotate the calorimeter will be given by 

FiR,. 

The total couple tending to rotate the calorimeter will be equal to 

2FR, 

the sum of the products of the forces exerted on the various elements of 
area of all the stationary vanes, into the respective distances of their 
points of application from the axis of suspension. 

But in a similar manner it may be shown that 

3/r 

represents the couple opposing the motion of the paddles. Further, 
since action. and reaction are equal in magnitude, we have 

2/r = 2FR. 

Now when the paddles have been rotating for a short time, the 
calorimeter will have been rotated through a certain angle, and will then 
remain stationary. The couple resisting the rotation of the calorimeter 
comprises : — 

I. That due to the tension of the silk cords wound round E. Let d 
be the diameter of the disc E, and w the mass attached to either silk 
cord. Then, since these cords leave the disc tangentially at opposite 
ends of a diameter, we have, denoting the acceleration due to gravity 
by 

Couple due to the tension of the silk cords ~ wgd. 
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2 . A further couple C will be exerted by the suspending wire. This 
must be determined by experiment. 

Finally, we have 

Couple resisting rotation of calorimeter = wgd + C. 

But since the calorimeter is supposed to be in a position of equilibrium, 
the couple resisting rotation must be equal to that tending to produce 
rotation. 

. * . 2FR = wgd + C. 

Hence, finally, the work performed during one second is equal to 
27cn'lfr — 2)r«2FR = 2itn{wgd + C). 

Those familiar with mechanics will recognise that the whole 
arrangement above described is in reality a particular form of 
absorption dynamometer. 

It was found by Rowland that the amount of energy required 
to heat a given quantity of water through 1 ° C., has a minimum 
value at 29° C. By careful calorimetric experiments, Rowland 
satisfied himself that the specific heat of water has a minimum 
value, and this result has since been confirmed by other observ- 
ers (see Chap. VI., p. 134.) 

Rowland also compared the thermometer used by Joule with 
the air thermometer, and reduced Joule’s results to metre- 
kilograms per calorie (see pp. 141 and 265) at the latitude of 
Baltimore. The mean values thus obtained were : — 

Joule’s value . . 42675 at I4‘6° C 

Rowland’s mean value 427*52. 

Him’s Experiments.— Two interesting methods of de- 
termining the value of J, which have been employed with con- 
siderable success by Him, may here be mentioned. 

I. If a piece of lead be beaten with a hammer, it will become 
heated. The kinetic energy possessed by the hammer at the 
instant before it strikes the lead is converted into heat when 
the lead is struck, and the hammer brought to rest. Nearly all 
of the heat produced in the lead is due to molecular friction during 
the deformation of the lead. Owing to the feet that lead is an 
inelastic substance, there is little tendency for the hammer to 
rebound. Further, only a very small amount of energy is lost 
in the production of sound. 
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The arrangement used by Him was designed to take ad- 
vantage of the above properties of lead. A cylindrical mass of 
that metal was hollowed out so as to form a vessel with very 
thick walls. This was hung by means of ropes, as sliown at P, 
Fig. 137, so that one end rested against an iron disc, 1>, attached 
to a massive prismatic block of sandstone. This block was sus- 
pended by four ropes, as shown in the figure, so that it could 
only move in a vertical plane, with its axis horizontal. A 
cylindrical mass of iron A was suspended in a similar manner, 



Fig. 137.— Hirns arrangement for determining the mechanical equivalent 

of heat. 


so that when at rest its end touched one extremity of the lead 
vessel. 

In order to make an experiment, the iron cylinder was pulled 
back into a position such as that shown in llic figurts 'I'he 
difference between its height in this position and that when it 
hung freely was noted. The temperature of the lead was 
obtained by means of a sensitive thermometer, 'fhe iron Irar 
was then set free, and on reaching its e(|uilil)riuni it 

struck the lead. 7’he lieight through which the sandstone bhx k 
rose after impact, together with the height of recoil of the iron 
cylinder, were noted. 

The lead vessel was then quickly removed, hung up by strings 
provided for that j)ur])ose, and p.uily fdled with n r roM w.iter. 
The temperature attained by the water after being blirred lor 
some minutes was noted. 
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Let Ml = mass of iron cylinder, in grams. 

Mj = mass of sandstone block, together with that of the iron 
attached to its end. 

»/i = mass of lead vessel. 
s — specific heat of lead. 

= mass of water at 0° C., poured into the leaden vessel. 

H = height, in cms., through w'hich the axis of the iron cylinder 
was initially raised. 

= height of recoil of iron cylinder. 

^2 = height through which the sandstone block rose after 
impact. 

/j = initial temperature of lead. 

/jj = final temperature of lead and water. 

The kinetic energy gained by Mj grams in falling through H cms. 
= Mi^H. 

Energy converted into the potential form during the rise of the sand- 
stone block, and the recoil of the iron cylinder = 

. Energy converted into heat = ^ (Mi(H - ^1) - 

Heat produced = Wjj (/2'"^i) + 

The following figures refer to a particular experiment. 


Ml = 350,000 grams. 
Mj = 941,000 ,, 

w, = 2,948 ,, 

= i8'5 
s = 0-314 


H = 1 16*6 cm. 
Ai = 8*7 cm. 

= 10*3 cm. 
/i = 7*873'C. 
/a = 121° C. 


Substituting these values in the above formula, and taking 981 as the 
value of we get 

_ 981 {350,000(1 16-6-87) -941,000 X 1 0 3} 

^ ~ 2948 X -0314 X 4*227 + 18*5 X 12*1 

981 X 28,070,000 27,540,000,000 ^ 

=z< « = ^ - — = 44*7 X lo* cms per therm. 

391-3 -f 223-8 615-1 

Values more nearly equal to 42 x 10® ergs, the accepted value for J, 
were obtained in some of Hirn’s experiments. 


2. Another method used by Him was to measure the amount 
of steam, at an observed temperature and pressure, which 
entered the cylinder of a steam engine in a given time, and to 
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determine the heat remaining in the waste steam by passing it 

through cold water, of which the initial and final temperatures 

were noted. Thus the heat which entered the cylinder could 

be calculated, and on subtracting the waste heat from this 

value, the amount of heat utilised in driving the engine could be 

determined. The work performed was determined by the aid of 

an indicator diagram. Thus the value of the ratio 

* 

Work performed 
Heat which disappeared ^ 

was calculated. The value thus obtained differed little from 
that found by Joule. 

It may be noted that in the experiments previously described, 
energy was converted into heat, whilst in this last experiment, 
the converse process of converting heat into work was used. 

The First Law of Thermodynamics.— This is a 
generalisation of the results of the foregoing experiments. 
According to Maxwell, it may be expressed as follows : — 
When work is transformed into heat, or heat into 
work, the quantity of work is mechanically equi- 
valent to the quantity of heat. 

From a comparison of the results of Rowland, and of Reynolds and 
Moorby, together with the results of the investigation on the specific 
heat of water from o®C. to ioo“C., mentioned on p, 135, Prof. Callendar 
gives 41 ’So X 10® as the most probable value of the Mechanical Equiva- 
lent of Heat ; the unit of heat adopted being that required to raise 
I gram of water through i®C., at 20° C. 

Summary. 

Caloric. — In the earlier theories, heat was considered to be an elastic 
fluid which was absorbed by botlies during a rise of tem|x;rature, and 
given up by bodies during a fall of temperature. 

Rumford showed that an inexhaustible supply of heat could 
apparently be obtained by rubbing one body against another. This was 
inconsistent with the assumption that heat was a fluid. 

Davy showed, by rubbing two pieces of ice together, that an 
unlimited supply of heat could thus be obtained. 

Energy and heat. — When a moving body is brought to rest under 
such conditions that its kinetic energy has no opportunity of being 
transformed into potential energy, heat is produced. 
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Joule showed that when a moving Vx>dy is brought to rest the 
energy which disappears, is equivalent to the heat produced. Water 
was first set in motion and then immediately reduced to rest, and the 
quantity of heat generated was measured. He thus found that 42 
million ergs of energy is equivalent to i therm or gram-calorie. In other 
words, the heat produced when 42 million ergs of energy disappears 
would raise the temperature of one gram of water through one degree 
Centigrade. 

Rowland has repeated Joule’s work, using mercury thermometers 
which had been compared with a standard air thermometer. His 
arrangement permitted of a rapid rise of temperature, and his results 
showed that the specific heat of w'ater varied with the temperature. 

Him determined the mechanical equivalent of heat by allowing a 
mass of iron, moving with a considerable velocity, to strike on a mass 
of lead. The heat produced in the lead was measured, and results 
agreeing with Joule’s were obtained. He also measured the tenq>era- 
ture and pressure of the steam entering the cylinder of a steam engine, 
and conducted the waste steam through a calorimeter. Thus the heat 
entering the cylinder, as well as that leaving it, was determined. The 
heat which disapi>eared was found to be equivalent to the work 
performed by the engine. 

The First Law of Thermodynamics. — When work is trans- 
formed into heaty or heat into work, the quantity of work is mechanically 
equivalent to the quantity of heat. 

Questions on Chapter XII. 

(1) Determine, having given the following data, from what height a 
lead Imllet must be dropped, in order that it may be completely melted 
by the heat generated by the impact, assuming that four-fifths of the 
heat generated remains in the bullet. 

Heat retpiired to raise i gram of lead from the initial temperature 
of the bullet to the melting point, and to melt it, 15 units ; mechanical 
e<iuivalent of heat 42 x io*‘ ergs. Value of g, 980 cm. per sec. per sec. 

(2) A cannon ball, the mass of which is 100 kilograms, is projected 
with a velocity of 500 metres per second. Find in C.G.S. units the 
amount of heat which would be produced if the ball were suddenly 
stopped. 

(3) If an engine working at 622*4 horse- power keejis a train at 
constant speed on the level for 5 minutes, how much heat is produced, 
assuming that all the missing energy is converted into heat? 

lake the mechanical equivalent = 778 [ft. -lbs. per Jb. of water per 
degree F.j ; one horse-txjwer =3 33,000 fb-lbs. per minute. 
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(4) Describe the methoti of determining the value of J which you 
consider the best. Give full reasons for your answer, pointing out the 
merits and defects of the method you adopt. 

(5) With what velocity must a lead bullet at 50” C. strike against an 
obstacle in order that the heat produced by the arrest of its motion, if 
all produced within the bullet, might be just sufficient to melt it ? 

Take specific heat of lead =0*031. 

„ melting point - =335° C. 

,, latent heat of fusion =5*37. 

(6) What do you understand by the Mechanical Equivalent of Heat ? 
Taking the mechanical equivalent as 1,400 ft. -lbs. per degree Centi- 
grade per lb. of water ; determine the heat produced in stopping by 
friction a fly-wheel 112 lbs. in mass, and 2 feet in radius, rotating at the 
rate of one turn per second, assuming the whole mass concentrated 
in the rim. 

(7) Give an outline of the arguments which lead to the conclusion 
that heat is a mode of motion. 

(8) What is meant by saying that heat is a form of energy ? How 
has the amount of energy corresponding to a unit of heat been 
determined ? 

(9) Write a short account of the methods which have been employed 
to determine the Mechanical Equivalent of Heat, giving an account of 
the corrections required in each method and the relative advantages of 
the various methods. 

(10) What is meant by the statement that the Mechanical Equivalent 
of Heat is 427 metre grams per gram calorie ? 

(11) Define the Mechanical Equivalent of Heat. 

If the kinetic energy contained in an iron ball, having fallen from 
rest through 21 metres, is sufficient to raise its temperature through 
0*5® C., calculate a value for the Mechanical Equivalent of Heat. 
Assume ^ = 980 cm. per sec. per sec., and specific heat of iron o*i . 

(12) Briefly describe one of the ways in which the amount of energy 
equivalent to a given amount of heat has been determined. Explain 
what is meant by expressing the specific heat of water in ergs per gram, 
and state its value either in these units or in gravitation ft. -lbs. per lb. 



CHAPTER XIII 


THE KINETIC THEORY OF GASES 

Heat and Energy. — As a result of experiments, some of the 
most important of which have been described in the last chapter, 
it has been conclusively established that there is an exact 
equivalence between heat and energy ; in other words, if a 
moving body is suddenly brought to rest under such conditions 
that its kinetic energy has no opportunity of passing into 
the potential form, then a quantity of heat will be generated 
proportional to the kinetic energy possessed by the body at the 
instant before its motion was arrested. 

The object of the present chapter is to present, in a simple form, 
some of the most important points of a theory, which has been 
found capable of explaining most of the physical properties ot 
gases in terms of the motions of their ultimate constituent 
particles. 

Consider for a moment what happens when a drop of mercury 
falls from a height on to a plate of glass. The mercury moves 
as a whole through the air ; />., there is practically no relative 
motion between its parts up to the instant when the glass is 
struck. Just before striking the glass, the mercury possesses a 
certain amount of kinetic energy, equal to 

h (p. 263) 

where tn is its mass, and v its velocity. On reaching the glass, 
the motion of the drop of mercury as a whole ceases ; relative 
motions between different parts of the mercury takes its place. 
Thus, it becomes divided into numerous droplets, which splash 
off in different directions with various velocities. The sum of 
the kinetic energies possessed by these various droplets will, 



288 


HEAT FOR ADVANCED STUDENTS 


CHAP. 


however, be equal to the kinetic energy possessed by the main 
drop at the instant before it struck the glass. 

The nature of the process here illustrated may be said to 
consist in the production of relative motion in the several parts 
of a body, as a result of the arrest of the motion of the body as 
a whole. 

We have already seen that various philosophers, from 
Sir Francis Bacon to Count Rumfor^, felt assured that there 
was a more or less definite relation between heat and motion. 
We will here provisionally assume that the heat generated in a 
body when its motion is suddenly arrested, is associated with 
the production of relative motions of the constituent molecules. 

Moleciiles and Atoms. — Chemical experiments have led 
to the conclusion that matter is not infinitely divisible, but 
that if a substance be continually divided and subdivided, a 
stage will at last be reached when the products of further 
division will possess properties different from those of the 
substance divided. Thus, if a drop of water were continually 
divided and subdivided, a stage would at length be reached 
where further division would produce two gases — oxygen and 
hydrogen. 

A molecule is the smallest portion of a substance 
which can exist, while still possessing the distinctive 
properties of that substance. 

An atom is the smallest portion of a substance 
capable of an independent existence. An atom is there- 
fore indivisible. 

A substance may consist of molecules, each of which 
comprises only a single atom mercury vapour, argon, 

helium, krypton, &c., which are called monatomic substances) ; 
or, the constituent molecules may comprise two or more 
atoms. Thus, hydrogen and oxygen consist of molecules, each 
of which comprises two atoms ; carbon dioxide and sulphur 
dioxide gases consist of molecules, each comprising three 
atoms ; whilst the vapour of alcohol consists of molecules, 
each of which comprises nine atoms. 

We will assume that the essential difference between a body 
when hot and when cold lies in the fact that in the former con- 
dition the molecules are in a more violent state of agitation 
than in the latter. 
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Molecular Conditions of Solids, Liquids, and 
Q-ases. — Gases — A few minutes after the stopper has been 
removed from a bottle containing ammonia, the pungent odour 
of the vapour of that substance can be perceived throughout the 
room. This proves that, in the case of gases, a molecule is 
capable of moving with comparative freedom from one position 
to another. 

Liquids . — Experiments with liquids show, that though we 
must consider their constituent molecules to be capable of moving 
continuously from place to place, yet the rate at which such 
transfer takes place is small when compared with the rate of 
transfer in gases. 

Solids . — In solids we must consider that the molecules are 
incapable of moving continuously from place to place, and that 
the motions wiiich are associated with heat take place about 
fi.xed positions. Sir William Roberts-Austen has indeed shown 
that if a sheet of gold be laid on the plane surface of a block of 
lead, the gold will gradually diffuse into the lead, but the rate 
at which this diffusion takes place is very slow, so that the 
molecular condition of a solid may be assumed to be sub- 
stantially that above described. 

In order to account for the phenomena connected with 
capillarity and surface tension, it is necessary to assume that 
the molecules of a liquid are so close together that the effects of 
their mutual attractions must be taken into account. In solids 
this mutual attraction must in some way or another give rise to 
cohesion. Finally, we may consider a gas to consist of mole- 
cules in rapid motion, the progress of a molecule in any direction 
being limited simply by the occurrence of collisions with 
other molecules. The average distance between neighbouring 
molecules is supposed to be so great that the effects of their 
mutual attractions may be left out of account. 

To gain greater definiteness in our ideas, let us consider what would 
happen if a perfectly elastic sphere were set in motion within an enclosure 
bounded by perfectly rigid walls. Every time that the sphere impinged 
on one of the walls, the component of its velocity perpendicular to 
the wall would he reversed, and a certain force would l>e exerted 
on the wall. No work would be performed, and the sphere would 
afterwards be moving with the same velocity as previously. Thus the 
kinetic energy of the sphere would remain constant. 

U 
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us now assume that a numbei of perfectly elastic spheres are 
inclosed by a vessel with rigid walls. The magnitude of the vekxrily of 
a sphere will not be altered by impact at a wall, but when two of the 
spheres meet, their velocities before and after impact will not neces- 
sarily be equal. Thus the energy possessed by a particular sphere will 
vary from time to time. On the other hand, the total energy |X)ssessed 
by all the spheres will remain constant, since no energy is communicated 
to the walls, and the energy lost at any particular impact by one 
sphere is necessarily gained by another. 

If an inclosure such as \\q have been considering were set in motion 
and then brought to rest, the result would be that the relative velocities 
of the contained spheres w'ould be augmented, and thus the total 
kinetic energy possessed by them would be increased. On the supposi- 
tion that the heat contained by a bt)dy is really only another name for 
the kinetic energy associated with the linear motions of its constituent 
molecules, this case would illustrate the rise in temperature of a body 
when its motion is suddenly arrested {see Chap. XII). 

Pressure Exerted by a Gas.™ If we consider a gas to 
consist of elastic spheres in rapid motion, continually colliding 
with each other, or rebounding from the walls of the containing 
vessel, it is clear that every time the momentum of a molecule 
is reversed by impact with a wall of the vessel, a certain force 
will be exerted on the latter. Let us suppose, for instance, that 
the gas is contained in a cylinder, one end of which is closed 
permanently, whilst a frictionlcss piston prevents the escape of 
the gas from the other end. Then the reversal of the mo- 
mentum which occurs when a molecule strikes the piston, will 
tend to move the piston outwards, so as to increase the volume 
occupied by the gas. It remains to be shown whether the force 
thus exerted by the successive impacts of the various molecules 
on the piston would produce a pressure varying inversely as the 
volume occupied by the molecules. 

To deduce Boyle’s Law from the Kinetic Theory 
of Gases. 

Let us assume— 

(i) That the diameter of a molecule is very small in comparison with 
the distance traversed between successive encounters. 

(.1) That a very large numlxir of molecules exist even in the .smallest 
volume of gas with which we are acquainted. 

(3) That the molecules arc moving with considerable velocities, so 
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lhat a large number of encounters occur in an exceedingly short interval 
of time. 

(4) That the time occupied by an encounter of two molecules is very 
small in comparison with the interval elapsing between successive 
encounters. 

(5) That the molecules are on an average so far separated one from 
another that the effects of their mutual attractions or repulsions may be 
neglected. 

Let us suppose, at tlic outset, that a certain quantity of gas is 
contained in a cubical vessel, each edge of which is 1 cm. long. 
Then the force produced by the reversal of the momenta (p. 262) 
of the molecules impingin^i^ on one face of the cube ivill be equal 
to the pressure {force per unit area) exerted by the gas. 

Let there be n molecules contained in llie vessel, /.<?., in one cubic 
centimetre. Then, on an average, each molecule occupies a small 

cube the volume of which is *-c.c. The molecules move across these 

// 

elementary cubes, llie directions of their motions being reversed by 
impact on the walls of the containing vessel, when one of these forms 
a hounding surface of an elementary cube. When a molecule moves 
out of an elementary cube, another will, on an average, immediately 
enter and take its place, so that the net result is the same as if each 
molecule travelled to ainl fro across 
the elementary cube which it oc- 
cupies, and rel)ounded whenever it 
reached one of the faces of the 
elementary cul>c. 

A molecule will move freely, in 
the interval between successive re- 
Inninds. The distance so traversed 
will obviously l)e equal to the length 
of an edge of the elementary cube 
in which the molecule moves l)ack' 
wards and forwards ; it is terme<l 
the mean intermolccular distance r)f 
the molecules. 

Let abed (Fig. 138), represent a 
face of one of the n elementary cul)es occupied by the gas molecule®, 
this face being in the plane of one of the bounding surfaces of the 
cubical containing vessel. Then, if we consider that the contained 
molecule moves l)ackwartls and forwards along the normal to abed^ with 
an average velocity of V cms. per second, it can easily be seen that it 

u 2 



Fig. 138, — Cubical vessel enclosing 
gas molecules. 
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will traverse a distance 28 betiocen sttccessive impacts on abed, S being the 
length of an edge of the elementary culje, or the mean intermolecular 
distance of the gas molecules. 

But the volume of the elementary cube = 8* = i c.c. 

*= (r, 

The number of impacts per second on^abed = distance traversed in 
one second -r distance traversed between succeeding impacts on abed 



If w = the mass of a molecule, then the momentum of a molecule 
just before impact = mV (p. 262), and just after impact - mV, since 
during impact the velocity is changed from + V (toward the surface abed] 
to - V (in the opposite direction). Hence change of momentum at a 
, , * . fti 

single impact = 2mV, and this change tak% place ~V times in each 
second. 

Therefore a change of momentum per second equal to 

--V X 2 mV = 

2 

takes place at the surface abed. But change of momentum per second 
= force (p. 262). Therefore a force of i/lwV- dynes is exerted on 
the area abed. 

To find the force exerted on the face of the centimetre ciil>e, notice 
that 


I 

Number of squares such as abed in 1 sq. cm. = 1 = «l. 

TTi 

Tota/ force on a face of the centimetre cube ~ pressure of the 
contained gas = «l x :== nmV'^ dynes. Taking account of the 

fact that a molecule may not always lie moving with the same velocity, 
and that the velocities of different molecules at the same instant are 
not exactly equal, we must let V* represent the mean value of the 
square of the molecular velocity. 

Mean Square Velocity. — Let us suppose that equal numbers of 


Area abi 


- = = (a 




cm. 


— S( K cm. 
rn 
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molecules are moving at i, 2, 3, 4, 5, 6, 7, 8, 9, 10 cms. per second 
respectively. Then the mea 7 i square velocity — 

1 2 4. 2^ -f 33 -f. 42 4. 52 4. 6' 4- 7^ 4- 8* 4- 9^ 4- 10® ^ 

= 38-5. 

The square root of the mean square velocity = \/38‘5 = 6'2. 

The mean velocity of the molecules — 


1+24-34-4 + 5 + 6 + 7 + 8 + 9+ 10 

10 


S'S- 


Hence, we see that the mean molecular velocity is not exactly equal 
to the square root of the mean square of the molecular velocities. The 
difference between these numbers will not, as a general rule, be as great 
as that just obtained, since the simultaneous variations of molecular 
velocities will generally be less than that assumed alx>ve. Hence, we 
shall commit no great error in taking V (which is really the square root 
of the mean square velocity) as equal to the mean molecular velocity. 

VVe have, up to the present, supposed that all of the molecules are 
moving either backwards or forwards along a line perpendicular to abed. 
As a matter of fact, if any three lines are drawn at right angles to each 
other parallel to the adjoining edges of the centimetre cube), as 
many molecules will, at any instant, be moving along one of these lines 
as along another. Thus, since only one third of the total number of 
molecules should be assumed to be moving in any one direction at any 

instant, we must write ^ instead of n in the equation just obtained. We 

thus obtain the result that 


Pressure on one face of the centimetre cube — p — - mV^ dynes. 

3 

Multi|)lying both sides of the equation by v, which may represent any 
volume measured in c.cs., we get 




— v\ - 

3 


Now ttm = the mass of ft molecules, originally occupying i c.c. 
fim — density of the gas at the initial pressure, and a temperature 
which has been assumed throughout the above calculation to be constant. 
. •. ftmv ~ mass of gas which occupies, at the temjierature in question, 

a volume v under a pressure = Let this mass be denoted by 


M. Then 


pv ^ 
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Consequently the relation pv = constant will hold as long as 
the average value of the .square of the velocities of the mole- 
cules of the gas, remains unaltered. 

But since \mV^ — the kinetic energy of a gas molecule due to 
its linear motion, = the kinetic energy possessed by a 

mass M of the gas, in virtue of the linear motions of its con- 
stituent molecules. Hence, since we have assumed that an 
increase in the kinetic energy of the molecules of a gas is the 
cause of a rise in its temperature, we see that the relation 

pv — constant 

will hold as long as the temperature remains unaltered. 

Relation between the Temperature of a Gas and 
the Linear Velocities of its Constituent Molecules.— 
In accordance with the method of measuring temperature by the 
aid of a gas thermometer {see Chap. V.), we have the relation 

pv = RT 

where T is the absolute temperature of the gas. Compare this 
equation with the expression 

M 

3 

M represents the mass of the gas, which of course remains 
constant. We therefore see that 

T oc V‘-'. 

z>., the absolute temperature of a gas is proportional to the 
mean square of the molecular velocity, or to the kinetic energy 
possessed by the molecules of the gas, in virtue of their linear 
velocities. 

Absolute Zero. — It can easily be seen that if we take a 
volume V of gas, and cool it under constant pressure, we shall 
have V — o when = o. 

In the same manner it can be shown that if a gas is cooled at 
constant volume, the pressure exerted by the gas will become 
equal to zero when = <?, and therefore T = <^. 

Hence the absolute zero of temperature will be 
reached when the linear velocities of the molecules 
have been reduced to zero i,e.^ when the molecules have 
been brought to rest. 
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Avogadro*s Law. — From the above it becomes evident 
that the temperature of a gas molecule is proportional to the 
kinetic energy possessed by it in virtue of its linear velocity. 

It is generally assumed that, at a given temperature, the 
average kinetic energies possessed by single molecules of 
different gases have equal values. Thus with a gas A, of which 
a molecule possesses a mass ///, and an average velocity V^, at 
absolute temperature T, we have 

Kinetic energy of molecule of gas A at temperature T = 

If /;/2 and V2 have similar meaning's with regard to a molecule 
of a gas 15 at the same absolute temperature T, we have 
Kinetic energy of molecule of gas B at temperature T = |w2V./. 

According to the above assumption, we have 

= m2y‘/ ( 1 ) 

Let us suppose that two centimetre cubes arc respectively 
filled with the gases A and B, at the same temperature T and 
pressure p. Then, if and n.^ arc the numbers of molecules in 
the respective cubes, we have 

P “ 2" fp- 293). 

^ (2) 

Dividing by (i), wc get 

= ''2 0) 

'Phis result, expressed in words, states that at the same tem- 
perature and pressure, equal volumes of all perfect gases com- 
prise the same number of molecules. This is the celebrated 
generalisation known as Av(\i;;a(iro's Law. 

It should be remembered that this law is only strictly tr^ie 
for substances possessing tlie properties of perfect gases. 

Graham's La^w of DiflPusion.— F rom (2) above, >ve have 
the relation 

V, /densitv^fB 

Yg ^ density of A 

In words, we may state that the average velocities (.vcc p. 293) 
of the molecules of different gases at a given temperature arc 
inversely proportional to the square roots of the densities of the 
respective gases, 
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Graham found that gases diffused through porous plugs at 
rates inversely proportional to the square roots of the respective 
densities of the gases. 


Problem . — Determine the mean linear velocity of hydrogen molecules 
at a temperature of 0° C. 

Let M be the mass of hydrogen which occupies a litre (i,oooc.cs, ) at 
0“ C. and 760 mm. pressure. Thus, from the relation 


pv — — V-^ 

3 

remembering that p must l^ expressed in dynes, we get 

, , .-ON tr. 3 X 76 X 13*6 /. 981 X 1,000 

( 76 *ox i 3 - 6 >: 98 i)x 1,000= — V^. V- = ^^ — . 

3 

But M = '0896 grams. 


/ 3 X 76 X 13*6 X 981 X 1,000 _ /3‘042 X lo* 

*0896 ~ -0896 


= I ‘84 X 10® cms. per second. 


Atomic Heats. — If equal increments of energy are neces- 
sary in order to raise the temperatures of single molecules of 
different substances through a given range, Dulong and Petit’s 
Law', that equal numbers of atoms of different elementary sub- 
stances require equal quantities of heat in order to raise their 
temperatures by i C., follows as a matter of course. 

Pressure of a Mixture of Gases or Vapours. —Dalton’s 
Law (p. 230), states that the pressure of a mixture of gases and 
vapours enclosed in a given space is equal to the sum of the 
pressures w'hich the gases, &c., would severally exert when in- 
dividually occupying the given space at the same temperature. 
This follows directly from the kinetic theory of gases. For the 
pressure p exerted by a mixture of two gases, of which the 
molecules possess masses w, and velocities V, and V^, 

is given by 

P = 4- \tHmpi.? 

the numbers of molecules of different kinds in i cc. being 
and respectively. This expression is equal to the sum of the 
pressures }«|WiV,2 and which would be exerted by «| 

molecules of the first gas, and molecules of the second, if these 
were severally enclosed in separate vessels, each of unit volume. 
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Work Performed in Compressing a Gas Isother- 
mally. — Let AUBC represent a cylinder, the space between the 
closed end AC and the air- 
tight piston EF' being filled with A dL 

a gas. (Fig. 139.) I iill " 1 

Let the pressure, when the | 

piston is at EF*, be equal to 7^, ® B 

the volume of the enclosed gas Fig. 139. — Cylinder and piston for 
being 2/. Then, since pres- compressing a gas. 

sure = force per unit area, the 

total force with which the enclosed gas will resist a small 
inward motion of the piston — p y. area of piston = pa^ \{ a = 
area of piston. 

If the piston is moved inwards through a short distance dx, the 
work done will be equal to the product of the force opposing the 
motion of the piston (p/r)y into the distance (dx)y through which 
the piston is moved. Let us call this element of work dW. Then 

dW ^ pay dx — padx. 

But adx = the amount by which the volume of the enclosed 
gas has been decreased = dv (say), 

.*. <y\V = pdv. 


Let the curve AB(F'ig. 140) represent the isothermal relation between 
tlie pressure and volume of the gas enclosed in the cylinder. Thus OD, 

F'ig. 140, represents the volume v occu- 



Fig. 140. -Gmphic determination 
of work jierformed in compressi* 
ing a g.as. 


pied by the gas when the piston is at EF', 
Fig. 139, and DC, Fig. 140, represents 
the pressure p to which it is subjected. 

Let 1>F2 = dv^ the amount by which 
the volume of the contained gas is 
diminished when the piston is moved 
inwards through the distance dx. Then 
work done during the compression of the 
gas = pdv ~ CD X ED = the area of 
the rectangle CDEF. 

If the gas is further compressed, so 
that its volume is diminished by suc- 
cessive small decrements, from OD to 
OG (Fig. 140), it will be seen that the 


w’ork done is equal to the sum of the 


areas of a number of rectangular strips, such as CDEF. Further, it is 
at once seen that the sum of the areas of these strips is approximately 




298 


HEAT FOR ADVANCED STUDENTS 


CHAP, 


equal to the area enclosed by the curve HC, the two ordinates DC 
and GH, and the axis of volumes GD. 

Now the kinetic energy possessed by the gas molecules at any time 
throughout the compression, is equal to 

- MV* 

2 

where M is the mass of the gas experimented upon, and V- is the mean 
square molecular velocity. V‘^ must remain constant throughout the 
compression, since, by the terms of the inquiry, the temperature is 
maintained constant. Consequently the kinetic energy of the gas mole- 
cules remains constant. 

The question now arises, what has become of the energy consumetl 
in compressing the gas ? The answer is, that heat has been developed 
as the gas was compressed, and has been given off to surrounding 
bodies as quickly as it was generated. 

During the compression of the gas, the molecules which struck 
against the piston (which was moving inwards), rebounded with in- 
creased velocity. This accounts for the temporary heating of the gas. 
The extra energy so acquired was immediately transferred to the mole- 
cules composing the walls of the containing vessel, and was from these 
transferred to surrounding bodies. 

Conversely, if the gas is allowed to expand isolhermally from the 
volume represented by OG to that represented by Ol), external work 
may be performed. The maximum value of this external work is equal 
to the area ffCDG. At the same time the heat ecpiivalent of the work 
I>erformed is absorbed by the gas from surrounding bodies. 

Internal Work of Expanding Gases.— We have hither- 
to assumed that the effects of any mutual attractions or repul- 
sions exerted between neighbouring molecules of a gas may be 
neglected. An examination as to whether this assumption is 
permissible or not was made by Joule. 

Joule’s Experiments. — We have seen that w'hen a gas 
-expands, performing external work, a fall in its temperature will 
result, unless heat is communicated to it from surrounding 
bodies. Joule set himself to determine whether any temperature 
change occurs when a gas expands without performing external 
work. It is plain that this would happen if the mutual at- 
tractions or repulsions of molecules produced any appreciable 
effect. For if attractions are exerted between neighbouring 
molecules, work must be performed in separtiting thetp mor^ 
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widely, and this will entail a disappearance of a certain amount 
of heat, or molecular kinetic energy. 

Two metal vessels. A, B, h'ig. 141, were connected by means 
of a tube having a stop-cock at C. A was filled with dry air 
under a pressure of about twenty 
atmospheres, and B was ex- 
hausted. Both were then placed 
in a vessel filled with water so 
as to serve as a calorimeter. 

The water was well stirred, 
and its temperature noted by 
the aid of a thermometer reading 
to 2^0 of Fahrenheit degree. 

The stop-cock C was then 
opened, and air allowed to flow 
from A to B until equilibrium 
was established. The tempera- 
ture of the water was again observed. It was found to be equal 
to the initial temperature. 

Now the only difference between the states of the gas at the 
beginning and end of the experiment was, that the molecules 
were further separated in one case than in the other. No external 
work had been performed, and any kinetic energy of motion 
as a whole, communicated at any time to a portion of the gas, 
must have been subsequently reconverted into heat by friction, 
as the gas was once more brought to rest. Since the tempera- 
ture of the gas remained unaltered, no appreciable amount of 
heat could have been absorbed in perfonning internal work. 

Joule also performed another series of experiments, in which 
the vessels A and B were inverted, and placed in separate calori- 
meters, a small calorimeter being also placed around the tap C. 

It was found that the gas in the cylinder where the expansion 
occurred was cooled, whilst hea^was generated in the cylinder 
into which the gas flowed, and at the stop-cock C. The total 
heat produced in B and at C was found to be exactly equal 
to that which disappeared from A. 

Joule therefore concluded that no internal ivork is performed 
when a gas e.xpands^ or, in other words, that the molecules 0/ a 
gas are so far removed from each other that the effects of their 
mutual attractions or repulsions may be neglected. 



Fig. 1.41. — .Apparatus used by Joule 
to determine the internal work per- 
formed during the free expansion of 
a gas. (!’.) 
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It may be remarked that the above experiment was not a 
very delicate one, since the thermal capacity of the calorimeter 
and water was many times greater than that of the gas. The 
results obtained may be taken as proving that no very con- 
siderable heating or cooling effect is associated with the ex- 
pansion of a gas when no external work is performed. The later 
and more accurate experiments of Xoole and Kelvin will be 
explained subsequently. {See Chap. XVIII.) 


Relation between the Specific Heats of a Q-as.— 

When heat is communicated to a quantity of gas the volume of 
which is kept constant, it may be utilised in the following 
ways : — 


(1) In increasing the kinetic energy due to the linear velocity 

V of the molecules, M being the mass of the gas. This will correspond 
to a rise in temperature of the gas. 

(2) The atoms within a molecule may be set in more violent relative 
motions. We may expect that the greatest quantities of energy will l>e 
absorbed in this manner bv gases, the molecules of which comprise a 
large number of atoms. 

(3) Different parts of the same atom may be set in relative motions. 
There is little doubt that this actually occurs ; but from the nature of 
the case we may consider the amount of energy used in this manner to 
be comparatively small. 

When a gas is heated at constant pressure^ additional cnerg)’ to that 
specified above is required to perform external work. If the volume 7 > 
of I gram of the gas is increased by dv^ the pressure remaining at 
a constant value then the external work performed is ecpial to pdv. 

This will be equivalent to therms of heat. 


Finally, let etp the specific heat of the gas at constant pressure, 

<r, = the specific heat of the gas at constant volume. 

When the gram of gas is heated, at constant pressure, through a small 
range of temperature, r/T, the heat communicated to it must l)e equal to 

pcTl = <r^/T + 

If the gas obeys Boyle’s Law, then pdv can at once be calculated. 
For we have 


pw = RT 

/(?/ f dv) = R (T -t- d’X) 
. •. pdv = RrtfT. 
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Hence 




KdT 


• • u — "t" 


R 


J 


If (Tpy <r„, and R are known, J can be calculated from this equation. 
Example. — Having given, that i litre of hydrogen at 0“ C. and a 
pressure of 760 mm. of mercury weighs *0896 grams, and that 
= 3*409, O', = 2*411, calculate the value of J, the mechanical 
equivalent of heat. 

We must first determine the value of R in the equation 

R 


ffp = <r, + 


J ■ 


Xow 1 gram of hydrogen will occupy a volume <*1' 

1,000 


*0896 


= 1 1, 160 c.cs. 


Then, from the relation 

/T' = RT 

we have, for a temperature of o’C. (T = 273), expressing p in dynes, 
76 x 13*6 X 981 X 11,160 = R X 273 
. . R = 4*14 X 10". 


.*. J = 


R 


4 *14 X 10“ 

- 2*411 ~ ^ ‘-''■gs per therm. 


3409 


It was in this manner that Mayer determined the mechanical 
equivalent of heat. It must be remembered, however, that this 
method virtually assumes that no appreciable amount of internal 
work is performed when the volume of a gas is altered. The 
proof that this assumption w'as admissible was due to Joule. 
Ratio of the specific heats of a Gaa. (y) 


Let V’* be the mean square of the molecular velocity of a gas at a 
particular temperature T (measured from the absolute zero). Then 
the kinetic energy possessed by i gram of the gas will be equal to 

V* 

i X I X V-» = — (p. 294). 

Further, since M = l, we have 

/t/ = RT = {see p. 293). 

.*. iV:* iRT. 
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Hence the increase, E, per degree centigrade, in the energy due to 
the linear velocities of the molecules in a gram of gas, is given hy 

E = tR- 

Let e be the increase of energy per degree centigrade due to the 
relative motions of the atoms within the molecules comprised in the 
gram of the gas. Then, neglecting the mutual attractions or repulsions 
exerted by neighbouring molecules, we have 

_ o-p _ E + ^ + pd 7 > _ + e + R _ 5 R + 2 e 

<Tp E + S R + 3R "1* 2t’ 

If ^ = o, as we may assume to be the case in a monatomic gas, we 
have 

-y r= ^ = 1*666. 

For gases, each molecule of which comj)rise.s more than one atom, 
will have a finite value. Also, the greater e is, the more nearly 

will the value of 7 approximate to unity. 

The following table gives the values of (r^apd together with their 
ratio 7, for a number of gases and vapours. 


Gas 

Chemical 

Formula. 

Number of Atoms 
in Molecule. 



cr 

y ~i' 

1 

Argon . . . 


i 


i 

I *666 

Oxygen . . . 

0, 

2 

0-2175 

0*1551 

1*40 

Hydrogen . . 

II2 

2 

3 '409 

2‘4I I 

I -42 

Chlorine . . 

Cij 

2 

0'i2r 

0*0928 

1*30 

Bromine . . 

Br^ 

2 

0*0555 

00429 

I *29 

Carbon Dioxide 

CO., 

3 

0*2169 

0*172 

I *26 

Marsh Gas . . 

CH4 i 

5 

0*5929 

0*468 

1*26 

Ethene . . . 

QH4 I 

6 

0*4040 

0*359 

I *12 1 

Ethyl Alcohol . 

C,HeO 

9 

0-4534 

0*410 

I*II ; 

Ether 

c;n,„o 

*5 

0*4797 

0-453 

» 'O5 i 

Turpentine . . 

' _ I 


26 

0*5061 

0*491 

1*03 1 

1 


It will be seen that the value of 7 approximates more and 
more closely to unity as the number of atoms comprised in a 
molecule increases. 

In the case of ordinary gases, such as oxygen, hydrogen, &c., 
we can obtain chemical evidence as to whether the molecules 
are monatomic, diatomic, &c. Thus, for instance, a molecule of 
HCl must at least be diatomic ; and it is found that one volume 
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of chlorine and one volume of hydrogen produce, when ex- 
ploded, two volumes of hydrochloric acid gas. This can be 
explained, consistently with Avogadro’s law, by the equation : — 

H2 + CU = 2HCI. 

In the case of argon, helium, krypton, neon, and xenon, all 
of which appear to have no chemical affinities, the above 
evidence cannot be obtained. The value of y may, however, 
be found from an experimental determination of the velocity of 
sound in the gas. {See Chap. XV. p. 329.) 

It has been found in all these cases that y has the value 
1'666. This has been considered as sufficiently satisfactory 
evidence that the gases referred to are monatomic. 

The theory discussed in the present chapter was first 
elaborated by J. J. Waterston in a paper communicated to the 
Royal Society in December il, 1845. This paper was not 
printed till 1892, when it was found by Lord Rayleigh m the 
Archives of the Royal Society. In the meantime Clausius and 
others had gone over the same ground, and jointly elaborated 
an almost identical theory. 

“The omission to publish [the above paper of Waterston’s] 
was a misfortune which probably retarded the development of 
the subject by ten or fifteen years.” (Lord Rayleigh, Phil. 
Trans. 1892, p. 2.) 

Summary to Chapter XIII. 

All substances arc supjxiscd to consist of molecules in rapid motion. 
In solids the motions occur about fixed positions. In liquids a mole- 
cule can move from place to place, but its progress is retarded by the 
occurrence of frequent collisions. In gases and vapours the mole- 
cules arc more sparsely scattered, and consequently collisions are less 
frequent. 

The pressure exerted by a gas is due to the reversal of the 
momenta of the gas molecules when these strike against the walls of the 
containing vessel. 

The heat contained by a gas is equivalent to the sum of the 
kinetic energies of its constituent molecules. 

Absolute Zero, — If the molecules of a gas were reduced to com- 
plete rest, no pressure would be e.\erted on the walls of the containing 
vessel. This would obviously correspond to the absolute zero of tem- 
perature as measured on a constant volume air thermometer. 
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The mean free path of a gas is equal to the mean distance 
traversed between successive collisions of a gas molecule. 

Work Performed in Compressing a Gas Isothermally.— If 
the gas is contained in a cylinder, when the piston is moved inwards the 
molecules striking against it will rebound with augmented velocities. 
Thus the kinetic eneigy possessed by the molecules will be increased as 
the gas is compressed. This increase corresponds to the production of 
heat, and is equal to the work performed jn compressing the gas. In 
order that compression should be performed isothermally, the molecules 
must give up this extra kinetic energy to the molecules composing the 
walls of the enclosure. 

When a perfect gas expands isothermally, the external work 
performed is equivalent to the heat communicated to the gas by sur- 
rounding bodies during the expansion. 

The method of graphically representing the work performed during 
the compression or expansion of a gas (shown in Fig. 140) should be 
remembered. 

Internal Work of Expanding Gases. — If appreciable attractions 
are exerted between neighbouring molecules of a gas, work will be per- 
formed in separating these molecules during expansion. 

Joule showed that the molecules of the permanent gases are so far 
removed from each other that the effects of their mutual attractions or 
repulsions are very small. 

Questions on Chapter XIII. 

(1) What is the thermal evidence that the attraction between the 
molecules of the ordinary gases under standard conditions is small ? 

(2) Prove that the product of the density of a gas into the difference 
between its specific heats at constant pressure and at constant volume is 
the same for all perfect gases. 

(3) Show how to obtain the gaseous laws of Boyle, Charles, and 
Avogadro from the principles of the kinetic theory of gases. 

{4) Obtain a formula giving the value of J in terms of the pres.sure, 
temperature, and density of a mass of gas, and the difference between 
its two specific heats. What experiments are necessary to justify the 
assumption made in obtaining the formula ? 

(5) Explain why the specific heat of a gas at constant pressure is 
greater than the specific heat at constant volume. 



CHAPTER XIV 

# 

VAN UER WAALS’S THEORY 

Extension of the Dynamical Theory. — I he dynamical 
theory, as developed in the preceding chapter, leads to theoretical 
equations for the isotherrnals of a gas, of the form 

pv = KT. 

The curves corresponding to this relation between the pres- 
sure, volume, and temperature of a gas, possess the form or 
rectangular hyperbolas (Chap. V., p. 95). For temperatures far 
above the critical temperature (p. 207) of a substance, such 
curves agree fairly well with the results of accurate e.\pcriments. 
But for temperatures below the critical temperature, the iso- 
thermals have been found experimentally to possess a very 
different form. Starting with a c|uantity of vapour under a low 
pressure, we first obtain a curve AB (Fig. 142) approximating 
more or less closely to a rectangular hyperbola. At B an abrupt 
discontinuity occurs, corresponding to the commencement of 
liquefaction in part of the vapour. The isothermal now assumes 
the form of a straight line, parallel to the axis of volume. At C, 
another discontinuity occurs, corresponding , to the complete 
liquefaction of the vapour. The remaining part CD of the 
isothermal, which represents the relation between the volume 
of the liquid and the pressure to which it is subjected, approxi- 
mates to a straight line, slightly inclined to the axis of pressure. 

In the present chapter will be given a brief account of 
an extension of the dynamical theory, due to J. D. 
der Waals, which leads to equations for the isothermals of 
a substance, of a form more nearly agreeing with the results of 

X 
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experiments. As an introduction we will consider certain 
theoretical conclusions, due to Prof. James Thomson, as to the 
true form of isotherinals below the critical isothermal. 


Prof. James Thomson’s Hypothesis. — In 1871, Prof. 
James Thomson published an ingenious speculation, suggested 
by the form of the isothermals immediately above the 

critical isothermal. 



and based on the 
assumption that all 
transformations are 
essentially con- 
tinuous. He sug- 
gested that the dis- 
continuous part BC 
of the isothermal 
A BCD should be 
replaced by the 
continuous curve 
BEFGC. The 
whole of the isother- 
mal ABEFGCI) is 
now continuous, 
and nowhere cx- 


Fig. 142. 1 h»orctical Torm of isothcrmals for vapour hibitS any cdDlupt 

and litiuid, accurdinj^ to Jamcb Thomson. of clirCCtion. 

Prof. James 

Thomson pointed out that if the isothermals of a substance 
below the critical temperature are assumed to possess the 
above shape, many well-known phenomena may be easily 
explained. In the first place, it is well known that a liquid may, 
under certain conditions, be heated to a tempcr.ature consider- 
ably above its boiling point, without ebullition occurring. 
Dufour, for instance, heated small drops of water, suspended 
in a mixture of oil of cloves and linseed oil, so proportioned 
as to have the same density as the water, and found that a 
temperature of 178^ C. could be attained without ebullition of 
the water occurring. Now let us suppose that the point H, 
Fig. 142, represents the state of the water at a temperature some- 
what below 100'’ C. From the nature of DufouFs experiment, 
this water was heated at constant pressure. It therefore passed 
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through the states corresponding to successive points on the 
horizontal line HK. At K the water reached the extremity of 
the horizontal portion of the 100'^ isothermal MNKP. Under 
ordinary conditions ebullition would then have occurred, and 
the mixture of water and vapour would have remained at 100° C., 
the temperature corresponding to the isothermal MNKP, whilst 
the conditions corresponding to points on the straight line KN 
were successively attained. In the case in question, however, 
when the water had reached the point L on the line KN, it was at 
a temperature above 100" C., /.r., it had reached a point on some 
higher isothermal, such as TSLKQ. It will be seen that if S and 
R are joined by a curved line similar in shape to CGFEB, an 
intersection of the curve with the straight line NK in the point 
L is possible. 

Hence, according to Prof. James Thomson’s hypothesis, those 
portions of the continuous isothermals similar to the part CG of 
the curve CGFEB, correspond to the condition of superheating. 

Between the points G and E, the pressure increases w^ith the 
volume. This would correspond to a state of instabilitv, and 
the liquid would therefore suddenly be partially vaporised. 
This corresponds to the occurrence of the well-knowm pheno- 
menon of bumping. 

It may be shown, in a manner precisely similar to that em- 
ployed above, that those portions of the continuous isothermals 
similar to the part BE of the curve CGFEB correspond to the 
supersaturation of a vapour. It is well known that a vessel 
filled with steam, and free from suspended dust particles, may be 
cooled to a temperature considerably below loo' C. without con- 
densation occurring. On reaching a point similar to E, how- 
ever, a sudden condensation, corresponding to the unstable 
portion EF' of the curves, would ensue. Portions of the con- 
tinuous isothermals similar to CG and BE can also be realised 
by carefully varying the volume and pressure of a liquid and its 
vapour whilst the temperature is kept constant. 

Van der Waals’s Theory. — Van der Waals proposed to 
introduce corrections into the equation obtained in the preced- 
ing chapter, so as to make allowance for the facts : — 

(i) That in certain cases the effects due to the mutual 
attractions of neighbouring molecules cannot be neglected ; and 
(2) that the molecules of a substance are of finite dimensions. 
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The equation to be corrected is 

p 7 ; - RT. 

Correction for the Mutual Attractions of the 
Molecules. — In the interior of a mass of gas, the effects of the 
mutual attractions of neighbouring molecules may be neglected, 
since if a certain molecule is pulled in one direction by one 
molecule, it will, on an average, be pulled equally in an opposite 
direction by some other molecule or molecules. At the con- 
fines of the gas, however, the case is different. A molecule will 
be pulled back into the gas by the molecules behind it. 

Hence, a molecule will strike the walls of the vessel whilst 
moving with a velocity less than the average velocity of the 
molecules within the gas. But, in obtaining the equations in 
the preceding chapter, the molecules striking the walls were 
supposed to possess the same mean square velocity as those in 
the interior of the gas. Hence, in our equations we must add 
to the pressure /, which is actually exerted on the walls of the 
vessel, a term equal to the diminution in the pressure produced 
by molecuFar attractions. 

Considering the molecules at any time occupying a thin 
layer i sq. cm. in area near the confines of the gas, the 
attractive force on these will be proportional to the stjuarc of 
the density of the gas. For, if we double the number of 
molecules in the containing vessel there will be twice as 
many molecules to be pulled inwards, and twice as many 
within the range of molecular forces to pull them in that 
direction. Since the density of the gas will vary inversely as 
the volume which it occupies, we may state that the molecular 
attractions will give rise to a decrease of |)ressure varying 
inversely with the square of the volume of the gas. Hence, wc 
may write the corrected pressure as 



where a issi constant. 

Correction for the Finite Size of Molecules. —Let 
CDEF, Fig. 143, represent a section of one of the elementary cubes 
in which the molecules of a gas have been assumed to move 
(see p. 291). If the diameter of a molecule is very small in 
comparison with the dimensions of one of these cubes, we may 
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assume, as we did in the last chapter, that between successive 
rebounds from the face ED, the centre of gravity of the molecule 


moves through the distance 
AB 4- BA “ 2AB. If, however, 
the diameter of a molecule is 
comparable with the dimensions 
of the cube in which it moves, 
we must take CC', Eig. 143, as 
the mean intermolecular dis- 
tance instead of AB, and the 
distance traversed between suc- 
cessive rebounds from the face 
ED will be equal to 2CC' —2 
(AB - n) where is the diameter 
of a molecule.* The effect of 
this practically amounts to a 
diminution of the volume v. 
instead of z' in the equation 



tion of the mean free path, due to 
the finite si/e of molecules. 


Hence we must write (v-fi) 


pz> - RT 

where b is a constant. 

According to \'an der Waals, b is numerically equal to four 
times the actual volume of the molecules of the gas. 

Hence, applying the corrections for molecular attraction and 
finite size of molecules, wc obtain the equation 

{P + (- - b) = RT. 

This equation may be plotted graphically. When T is taken 
smaller than a certain critical value, curves of the general form of 
ABEFGCD, Fig. 142, are obtained. For values of T above this 
critical value, curves are obtained agreeing in their general 
form with those obtained experimentally by Andrews for carbon 
dioxide at temperatures higher than 32*5® C. 

The Critical Temperature.— Van der Waals’s equation 
can be put into the following form, by multiplying by v* 
throughout, and arranging the terms in the order of the |X)wers 
of 7.^ 

^ j<T)7'2 4- av ab = o 

. V^-(t + H) 1,*+'iv - 'if = o. 

• \ p ! P 


* The exDlanation given in the text is iliustratix'e merely. For full discussion 
of the question, see the author's Gtturui Physks /or StudettiSt p. 544. 




310 


HEAT FOR ADVANCED STUDENTS 


CHAP 


For constant values of p and T, this becomes a cubic equation 
in 7/, which can consequently be satisfied by three root values 
of %f. By a well-known theory, all three of these roots may be 
real, or one may be real and two imaginary.^ Now, substituting 
constant values of p and T is equivalent to finding the inter- 
section of the T" isothermal (say ABEFGCD, Fig. 142) with a 
straight line drawn parallel to the axis of volumes at a height p 
above the latter. CFB is part of such a line, and the volumes 
corresponding to the points C, F, and B will be equal to the 
three real roots of the above equation in v. 

It may be seen that lines parallel to the axis of volumes, and 
at heights above that axis greater than that corresponding to 
the point E, or smaller than that corresponding to the point G, 
will only cut the curve ABEFGCD in one point. This corre- 
sponds to the case of one real and two imaginary roots to the 
above equation in v. 

It will be noticed ii\ Fig. 142 that the three points, in which an 
isothermal is cut by a straight line parallel to O V’, become closer 
and closer together according as the isothermal approaches the 
critical isothermal. The critical isothermal itself will be inter- 
sected in three coincident points at U. 

A cubic equation in 7% possessing three equal roots, may l)e written 
in the form - 

{v - a)® = o, 

where a is the value of each of the equal roots. 

Expanding this equation, and writing Van der Waals’s general equation 
immediately below it, we have 


7/^ - 3a7;' -f 30V - o* = o 



Equating the coefficients of equal powers of v in these two cf juations, 
we find that 


^ RT 

~ b -v -- . . . 
P 

. . . ( I ). 

3*'^ = - 

P 

. . . (2). 

- ab 

a' = — 

i> 

. . . ( 3 ). 


J See Hall and Knight’s Higher Algebra, Chap. XXXV. a 
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Combining (3) and (2), we have 

■ - (i)' = (?)' 

Raising the tW(j last members to the sixth power, we have 

(i)' ^ (?)■ 

This is the vaUie of the critical pressure. 

Tile critical volume, wliich will be equal to a, may be obtaiiied by 
substituting in (2) the value of /> found in (4). Then 

3.'. = ^ 

p (I 

critical volume - = « — 3^ (5). 

The critical temperature can be fouml by substituting in (i) the 
values of o and /, given by (4) and (5). 

. , R X 2’jh"- 

-- h 4 T. 


•. T 


S<^ X _ 8 't 
27R^ ^ 27 r 7 


We can now summarise our results as follows : — 

8 

Critical temperature = Te — /• 

27 

Critical volume = t'e = 

Critical pressure ~Pc~ 

For carbon dioxide, Van der Waals obtained the values of <1, 
and R in his general equation, by substituting corresponding 
values of p and v from Regnault’s results on the compression 
of that gas at various temperatures. Taking unit pressure 
as the standard barometric pressure, and the unit volume 
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as the space occupied by the gas at o'^ C. and one atmosphere 
pressure, he found that 

^ _ I •00646 

^73 

a — 0*00874 
b = 0*0023 

Substituting these values in the formula for the critical tem- 
perature, he obtained 

27 1*0065 X 0*0023 

.*, The critical temperature = (305*5 - 273) — 32*5'^ C. 

This result is in remarkably close agreement with the value 01 
the critical temperature of carbon dioxide obtained experi- 
mentally by Andrews. 

Corresponding States. — Instead of measuring the volume, 
pressure, and temperature of a substance in absolute units, 
we might express these quantities as fractions of the critical 
volume, pressure, and temperature of that substance. 


Thus we might wr»te 

p - AA 

V - fj.7fc 

T ^ uTr. 

Substituting these values in Van der VVaals’s general equation 

(/> + ij) (^-*) = kt. 

we get (a/j + “^72) ~ k.T,, 

Substituting the values of A» and T^, in terms of a, b, and R, 
we get 


a 


Divitling this equation throughout by -™, wc get 




81/ 


(a). 


Van der Waals’s general equation will have different forms for 
different gases, according to the values found experimentally for 
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and R. The equation just found, however, is independent 
of and R, and will therefore serve to express the properties 
of one gas as well as another. 

Hence, supposing Van der Waals’s equation to accurately 
represent the properties of a particular gas, we see that if the 
pressures, volumes, and temperatures are measured in terms of 
the critical constants, 
an equation can be 
obtained which will 
represent the proper- 
ties of all gases. 

Dr. S. Young has 
found that the pro- 
perties of the halogen 
derivatives of benzene 
are very approxi- 
mately represented by 
the equation (^z)above. 

For other substances, 
however, considerable 
divergences from the 
equation (a) were 
found. 

Hence, Van der 
Waals’s equation 
must be accepted as 
representing only a 
first approximation to 
the true form of the 
isothermals of a substance. This, indeed, is obvious when we 
remember that no explanation of solidification is afforded by this 
equation. The true form of an isothermal should be of the 
general form shown in Fig. 144. 

Nevertheless, Van der Waals’s investigation forms a most 
valuable contribution to the molecular theory. Clausius 
and others have since obtained formula? which represent 
the properties of various substances to a closer degree of 
approximation. But these formulae were obtained by intro- 
ducing arbitrary constants which have no direct physical 
meaning. 



Fig. 144.— Theoretic.-^! form of isothermal for solid, 
liquid, and vapour. 



HEAT FOR ADVANCED STUDENTS 


CH. XIV 


3*4 


Summary to Chapter XIV. 

The dynamical theory of gases, as developed in Chapter XIII., has 
been found capable of explaining the properties of the so-called perma- 
nent gases at high temperatures. In order to account for the peculiari- 
ties of the isothermals of a substance capable of e.xisting as a solid or 
liquid at the same temperature, additional assumptions must be made. 

Professor James Thomson’s Hypo^esis. — The straight por- 
tions of the isothermals, corresponding to the occurrence of progressive 
liquefaction, may be replaced by curved lines as shown in Fig. 142. 
Certain parts of these curved lines obviously correspond to the pheno- 
mena of superheating of liquids and the supersaturatiou of vapours. 
Other parts of these curves indicate an unstable condition, which 
corresponds to boiling liy bumping. 

Van der Waals applied corrections to the equations obtained in 
Chapter XIII., 

(1) For the finite size of molecules. 

(2) For the attraction exerted between neighbouring molecules when 
brought close to each other. 

The resulting equations represent curves of the general form 
assumed by Professor James Thomson. 

The critical temperature of carbon-dioxide, as calculated by 
Van der Waals from the results of Regnault’s experiments, agrees closely 
with the value determined experimentally by Andrews. 

In Van der Waals’s investigation no account is given of solidification. 
Hence it can only be considered as a first approximation to a true 
molecular theory. 


Question on Charter XIV. 

(i) Write a short essay on the characteristic equation of Van der 
Waals. 



CHAPTER XV 


ADIABATIC TRANSFORMATIONS 

We have already examined the relation existing between the 
pressure and volume of a gas when the temperature is kept 
constant. We have further found, in Chapter XI 1 1., that heat is 
generated during the compression of a gas, and that this must be 
given up to surrounding bodies in order that the compression 
should be isothermal. Similarly, when work is performed by 
the expansion of a gas, cooling occurs unless heat is constantly 
supplied by surrounding bodies. Hence, generally, in order that 
isothermal transform.ations should be eflfected, the gas experi- 
mented on must be placed in thermal communication with sur- 
rounding bodies, which are supposed to be capable of communi- 
cating heat to, or absorbing it from, the gas, whilst their own 
temperatures remain constant. 

Let us now consider what will happen if a quantity of gas is 
compressed in a vessel the walls of which are incapable of con- 
ducting heat. In this case, any heat which is generated in the 
gas cannot escape from it, so that its temperature will rise. 

Adiabatic Transformation.— An adiabatic transforma- 
tion may be defined as the result of any operations performed 
on a substance, subject to the condition that heat is neither 
communicated to, nor abstracted from, it by external bodies. 

Adiabatio Curve. — We may represent the relation between 
the pressure and volume of a substance, when heat is neither com- 
municated to, nor abstracted from, it by external bodies, by 
means of a curve. This is termed an adiabatic curve. 

Certain characteristics of such a curve can be easily obtained. 
In the first case, it can be seen that an adiabatic will be 



HEAT FOR ADVANCED STUDENTS 


CHAP. 


316 


steeper than an isotherpnal curtfe. For let OD, DA (Fig^. 145), 
represent the initial volume and pressure of the gas. Then if the 
volume is diminished to OE under such conditions that the 



Fig. 145,— Slope of isothermal and adiabatic 
curves. 


temperature of the gas 
remains constant, the 
corresponding pressure 
EF will be such that A 
and F lie on the isother- 
mal BFAC. During the 
compression, the heat 
generated has been given 
up to surrounding bodies. 

Nowlet us suppose that, 
the final volume OE of 
the gas being maintained 
constant, the heat removed 
during the isothermal 
compression is returned 
to the gas. The pressure 
will thus be increased, and 
we shall have the final 


state of the gas repre- 
sented by the point G, EG being greater than F 2 F. Hence the 
curve passing through A and G will be steeper than that passing 
through A and F. 

Slope of an Isothermal Curve.— Let us take any two 
points A, F, close to each other on an isothermal, and draw a 
straight line through them. Then, as A and V arc taken closer 
to each other, the line joining them will appro.ximate to the 
geometrical tangent to the isothermal at the point A. 


The slope of the isothermal is most conveniently expressed in terms 
of the trigonometrical tangent of the angle which the line FA makes 
with OD, the axis of volumes. 

Draw AH parallel to OD. Then if OD — ?/, DA = p, we may 
represent the diminution of volume in passing from A to F by itv, the 
increase of pressure being represented by dp. Hence AFI = dv^ 
OE = (» - dv), HF = dpy EF = (/ -f- dp), 

I^t the angle FAH lie denoted by 0, Then we have 


tan d = 


HF _ ^ 
AH “ dv 
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If the gas rcferrccl l<i obeys Boyle’s law, we have 

&v — {p + dp){v ~ dv) (l) 

since the product of the pressure into the corresponding volume of the 
gas is constant. 

. • . pv — pv - pdv + vdp - dpdv from ( i ) 

. ' . vdp - pdv - dpdv — o. 


Now if A and F are very close together, AH{= dv), and HF(= dp) 
will be very small. In the above equation the two first terms arc 
formed each from the product of two quantities, one of which is large, 
whilst the other is taken vanishingly small. The last term is formed 
from the product of two vanishingly small quantities. Hence the term 
dpdv may be neglected in comparison with the remaining terms. 
Therefore, 

7 'dp ~ pdv — o 
vdp = pdv 
(jjl _ p 

d7> V 


. '. tan FA II 


dj ^ / _ 
dv ~ V ” bD‘ 


The Adiabatic Curves of a Perfect Q-as.— In order to 
find an expression for the relation between the pressure and 
volume of a quantity of a perfect gas, when compressed or 
allowed to expand under adiabatic conditions, the following 
method may be followed : — 

1. An expression is found for the tangent of the angle ot 
slope (jAH of the adiabatic curve. 

2. A curve is selected which possesses this slope at all points 
in its course. 

As a preliminary, the following problems must be solved : — 

Problem . — To find the tangent of the angle of slope of the curve 

— constant. 

A.S before, we take two neighbouring points, the co-ordinates of which 
are respectively 

/>, z‘, and (/> -f dp)y \V - di'). 


tangent of angle of slope = 


dZf' 


Then 
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From the nature of the problem 

(/ + (//Xzf - tfV)'* - 

(/ + </p)v'>(^i - ^y* ^ 

By the binomial theorem 

/ (/rA (IV tt{n - \W (h>y^ 

\ V ) ~ V i . 2 V J 

When eiv is small in comparison with i)owers ol ( 


( ih> 


\ V 


hit;;her 


than the first may be neglected. Therefore, to a close approximation 

</r/ Y* 

V ) 


( 


liv 

I - n — . 

'T> 


Substituting this value, we get 

(/ 4- (ip')v'*' ^ I - 


t) 


) = pv^*. 


. * . pv'^ + dp . - ndv . z/'* ^ p - n . z/'* “ ^dv . dp — /z/'*. 

Simplifying, and neglecting the term containing the product of di> 
and dp, we get 

dp.V'*’ - ndv.v^^~^p ::i o. 
vdp - npdv = o. 


av 7} 


Thus the tangent of the angle of slope of the curve 

— constant 

is n times as great as the tangent of the angle of slope of the 
curve 

pv ~ constant. 

Conversely, if the tangent of the angle of the slope of a curve 
is given by 

dp p 

dv V 

the equation to the curve will be given by 

pv*^ — constant. 

The Slope of an A4iabatio Curve.— Let us suppose 
that BC, Fig. 145, represents an isothermal for one gram of 
gas. Then, if AG is part of the adiabatic passing through A 

.angen. of .he angle of slope = 

HA dv . 
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di) 

It is required to determine the value of 

dv 

anti 7/. 


in terms of p 


According to the definition of an adiabatic curve, if the gas initially 
occupies the volume v = OD, Fig. 145, and is compressed till it occu- 
jties the volume {v - dv) = OF, gain or loss of heat from external 
sources l)eing prevented, the final pressure of the gas will be equal to 
EG. The gas will then he at a higher temperature than that corre- 
sponding to the isothermal BC passing through A. 

Let us suppose that, instead of performing the compression as above, 
the gas is first cooled at constant pressure till its condition corresjwnds 
to the point II ; and that the volume is then maintained constant, whilst 
the heat which has been removed is returned to it. The pressure will 
increase till a condition corres])onding to the point G is reached. Thus, 
instead of passing directly along AG, the point G has l)een reached by 
the broken path AM, HG. 

Now the heat which must have i)een taken from the gas, the ma.ss of 
which is one gram, in passing from A to II, is ecjual to o-^ffT, where ftp 
is the specific heat of the gas at constant pressure, and d’Y is the fall 
in temperature. 

To pass from II to F at constant volume, the gas must be once 
more heated through r/T^’C., since F is a jx>int on the isothermal pass- 
ing through .'\. The (piantity of heat which must be communicated to 
it is ecjual to erp^/T, where cr^ is its specific heat at constant volume. 

But the actual tjuanlity of heat taken from the gas in passing from A 
to II is equal to <ry/T. 

This heat when returned to the gas at II will increase its pressure by 
an amcjunt ecjual to HG, where 

IIG _ o’p^T _ Op 
iTf “ ^/T " "n: 

This follows from the facts that the rise of temj>erature of a given 
mass of gas, occupying a con.stant volume, is |)roportional to the quantity 
of heat communicated to it, and the resulting increase of pressure is 
proportional to the rise i:>f temperature (p. 101). 


HG 


HF = yllF, 

<r. 


Where y = 


«r, 


HF 


dv 


HG 


HF 


HA * ilA 


V 


sjnee Y ; =: the tangent of the angle of slope of the isothermal BC 


V 
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But it has been proved above that the curve of which the slope is 
given by the equation 

dp p 

'T - " 
dv V 

is represented by the equation 

pv'^ = constant. 

Hence y the equation to the adiabatic of a perfect gas is given by 

pT? = constant. 

An example will show the use of this equation. 

Problem . — A quantity of gas, initially at o'^C., is suddenly com- 
pressed to half its 
volume. What tem- 
perature will the gas 
attain ? 

I.et /o. V(f, be the 
initial pressure and 
volume of the gas 
at o“ C. Then the 
initial comlition t)f 
the , gas may be re- 
presented by the 
point A on the T^ 
isothermal, Fig. 146. 

During compres- 
sion the gas will suc- 
cessively pass through 
the various points 

between A and B on the adiabatic AB. The equation to this curve is 

pv'^ ~ poVf^ — constant. 

B will be situated on some higher isothermal, say that for Tj. 

But pQ, V(f, corresi)onds to the |x>int A on the T^ isothermal. 

Pit Vj, corresponds to the point B on the Ti isothermal. 



Fig. 146. — Curves representing; the rise of temperature 
of a quantity of a perfect ga.s during an adiabatic 
compression. 


pfiVo = RT 
PiVi = RT 




We also have 


Ml 

Pd^'o 

A 

Po 


h 

To 

^q T , 

^iTq 


(I) 


PoVq 


y _ 




since A and B are on the adiabatic AB. 

Po ‘^I'^o 


- (sy 


from (i). 
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Now since the volume of the gas is halved, 


^'i 


2. 


Also, the initial (emperature (o“C. ) is equal to 273" when measured 
from the absolute zero. 


•. (2)’ 


2 X 


. T, 

273 


X = 273 X 2‘>' ^ 
2 « 


273 X 2 


fy - 1-7 


The value of y will depend on the gas used (p. 302). For air it is 
equal to i *40. Therefore if the gas exp)erimented on is air 

Tj = 273 X 2'^ 
logioTi = -40 X logio2 + log, 0273 

logio2 = *3010 
;4o 

log,o2-<®= -1204 

logio273 = 2-4362 
=2*5566 

. • . T, = 360*2°. 

This absolute temperature corresponds to (360*2 - 273)" C. = 87 *2° C. 
. * . Rise of temperature = 87*2° C. 


Experimental Determination of y.— The specific heat 
of a gas at constant pressure can be determined by Regnault’s 
method (p. 1 59), and the specific heat at constant volume can 
be obtained by the aid of Joly’s steam calorimeter (p. 156). 
Hence the ratio of the specific heats can be calculated. 

y can also be determined experimentally, without its becoming 
necessary to obtain the values of either cr,, or err. Two methods 
of attaining this end will now be described. 

Clement and Desormes* Method. — In this method a 
quantity of compressed (or rarefied) gas is put for a few moments 
in communication with the atmosphere, so that its pressure 
may sink (or rise) adiabaticjilly to the atmospheric pressure. 
The gas is then again shut off from the atmosphere, and 
allowed to attain its original temperature, when the rise 
(or fall) of pressure is noted. Very good results may be 
obtained by the aid of the apparatus shown in section in 
Fig. 147. C is a carboy, the neck of which is surrounded by a 
metallic cylinder possessing a valve V, so that the enclosed 

Y 
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space may at pleasure be put into communication with, or shut 
off from, the atmosphere. The pressure of the enclosed gas is 
measured by the aid of a manometer M, whilst air can be forced 
into or withdrawn from C by way of a tube provided with an 

air-tight tap T. In order to 
thoroughly dry the enclosed gas, 
some* strong sulphuric acid is 
poured into C. 

The best liquid to use for the 
manometer is Fleuss pump oil. 
This gives off no vapour, whilst 
its density is low, and small 
variations of pressure can there- 
fore easily be observed. 

The experiment is performed 
as follows :~ 

I. The valve V is closed, and 
air is pumped into C till a 
pressure equivalent to about 
30 cms. of water is indicated by 
the manometer. The stop-cock T is then closed. The density p 
of the Fleuss pump oil having been previously determined, the 
total pressure of the enclosed gas is given, in cms. of water, by 

A = P + Kpy 

where P is the barometric pressure in cms. of water, and is 
the difference in level of the surfaces of the oil in the two limbs 
of the manometer, measured in centimetres. 

For some minutes after pumping has been discontinued, and 
the stop-cock T has been closed, the pressure indicated by the 
manometer slowly falls. This is due to the fact that the air, 
which was heated during its compression, is slowly attaining the 
temperature of the atmosphere. When the manometer indicates 
a stationary pressure, is observed. 

2. The valve V is opened for one or two seconds and then 
closed. During the interval that it is open, the enclosed air 
expands till the pressure becomes equal to that of the surround- 
ing atmosphere. If the vessel C is large, comparatively little 
heat will be communicated to the enclosed air during the ex- 
pansion. Hence it may be assumed that the air has expanded 
adiabatically. Finally close the valve V. 



Kig, 147. — Apparatus for determining 
the ratiOf y, of the specific heats of a 
gas, by Clement and Desorrnes' 
method 



XV 


ADIABATIC TRANSFORMATIONS 


323 


3. At the instant when V is closed the surfaces of the oil in 
the two limbs of the manometer will be level with each pther. 
After a short interval it will be noticed that the manometer 
indicates an increasing internal pressure. This is due to the 
fact that the enclosed air, which was cooled by expansion, is 
now attaining to the temperature of the surrounding air. When 
a stationary pressure is indicated, note the difference in level 
between the surface of the oil in the two limbs of the mano- 
meter. Then the final pressure tJg of the enclosed air is 
equal to 

F -f" 

Theory of the experiment . — During the time that the valve 
(Fig. 147) was open, a certain <juantity of air escaj>edinto the atmosphere. 
Let us confine our atten- 
tion, however, to a portion 
of the air which has re- 
mained inside C through- 
out the experiment. Let 
the volume of this air, 
under the initial pressure 
/>i, be equal to Vy Then 
the initial comlilion of ^ 

this air may be repre- 
.sented by the point C, p 
Fig. 148, on the i.sother- 
mal CFH, corresponding 
to the temperature of the 
surrounding air. 

When the valve V was 
opened, this air expanded 

along the adiabatic CD Fig. 148. — Gr.^phic representation of operations 
till its pressure was equal performed in Clement .and Desormes’ experiment. 

to P, that of the sur- 
rounding atmosphere. At the in.stant when the valve was once more 
closed, the condition of the air corresjxmded to the point D. 

The valve lieing closed, the volume of the contained air cannot alter 
appreciably, since the volume of air inclosed by the manometer is 
small, and therefore variatums in the level of the surface of the oil 
produce ncgligil>le effects on the volume of air inclosed by C. Hence 
as the inclosed air attained to the temi>erature of the surrounding atmo- 
sphere, its pre.ssure rose from D to E. The point E will therefore 
correspond t* the final state of the air. Let its volume then be equal 
to ^2, whilst its observed pressure is equal to 



Y 2 
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When the manometer M (Fig. 147) contains oil, the pressure 
of the air inside C cannot be very much greater than the atmos- 
pheric pressure, since the manometer reads only to about 30 or 
40 cms. of oil, which will correspond to less than' 30 or 40 cms. of 
water, and the atmospheric pressure will amount to about 1000 
cms. of water. Hence the arc CD (Fig. 148) of the adiabatic and the 
arc CE of the isothermal w'ill be very,small parts of these curves, 
and will approximate to short str.aight lines. From C draw a 
vertical line, z‘.c., a line perpendicular to the axis of volume ; and 
from E and D draw lines perpendicular to the axis of pressure, 
cutting the vertical through C in the points F and G. Then 
the angle of slope of the adiabatic is CDG, and the tangent of 
this angle is CG/GD. The angle of slope of the Isothermal is 
CEF, and the tangent of this angle is CF/FE = CF/GD. 
Therefore (p. 319) 

CG 

tan. angle of slope of adiabatic _ Gl) _ CG 
tan. angle of slope of isothermal C 1*' C F 

GI) 


Now CG=/^i - P=p//i, and CF —p^ = 5 thus 

7 = 

p{hi — ^ 2 ) — 

When a manometer containing mercury is used the arcs CD and 
CE will no longer approximate to straight lines, and consecjuenlly 
a more complicated procedure i.s necessary for calculating the value 
of y from the observed manometer readings. This procedure will 
now l)e explained. 

Since C and E are on an isothermal, we have 

Pi 

Since C and D arc on an adiabatic, we have 



Sufjstituting in {b) the value of ^ obtained from (a), we get 
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Taking logarithms of both sides of this equation, we get 

7{log/i - log/a) = log/i - log P. 

• y = lo gA- ^OgP 
log/i-log>2* 

Determination of y from the Velocity of Sound. — 

When a regular succession of compressions and rarefactions are 
propagated, at sufficiently short intervals, through the air, the ear 
becomes conscious of a musical note. We wdll now obtain an 
expression for the velocity with which a compression is propa- 
gated through a gas. This will be equal to the velocity of 
sound in the gas. 

Let us suppose that we are provided with a very long tube, 



Fig. 149. — Tube with movable piston. - 

the internal sectional area of which is equal to i sq. cm. Part of 
such a tube is represented by AB, Fig. 149. Let us further 
suppose that this tube is fitted with an air-tight piston P, capable 
of moving along AB without friction. Our calculations will be 
siij>plified if we assume the mass of this piston and its attach- 
ments to be so small as to be negligible. 

Let / l)c the atmospheric pressure. Then, if the tul^e is open at its 
other cntl, the force on either side of the piston will be equal to 
/> <lynes. 

Let the ft)rce pressing the piston into the tulie be increased to 
(/» + r//>) dynes. The piston will commence to move inwards. We 
must now study the effects prtxluced on the air inclosed in the tulK\ 

The first effect will l>e to compress the layer of air immediately in 
contact with the piston. When this has been so frr compressed that 
its pressure amounts to / b t//, no further compression w ill take place 
in it ; it will then merely serve to transmit the pressure to the 

next layer, which will lx? compressed in its turn, and so on. 

But during the compression of any layer, all the layers which have 
been previously compressed must move in the direction from A to B 
through the distance by tvhich the layer in question is compressed. 

Let us juppose that, if the pressure of the air contained in AB were 
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increased from p top + dp^ one cubic centimetre of the air would have 
its volume diminished by dv. Then, if V cn.s. per second is the 
velocity with which a compression is propagated along AB, it is plain 
that V c.cs. will be compressed per second, since the sectional area of 
the tube is one square centimetre. Hence, the piston will move inwards 
at a uniform rate of "Wdv cms. per second ; and as the air already 
compressed simply serves to transmit the pressure to that which is 
uncompressed, the whole of the air whiqh has been compressed will 
move forward with the same velocity as the piston, f.c., \dv cms. per 
second. Therefore, in each second V c.cs. of gas will be set in motion 
with a velocity of \dv cms. per second. Let p be the density of the 
air at a pressure of p dynes per sq. cm. Then during each second, 
Vp grammes of air will be set in motion with a velocity of \dv cms. per 
second. 

. * . Kinetic energy communicated to the air in each second = ^ Vp 
X {ydv^ ergs. 

We must next find the work performed in compressing the air iluring 
one second. This will Ije equal to the average pressure of the air 
during the compression, multiplied by the amount by which the volume 
of the air is decreased (p. 297). 

Initial pressure of air = p. 

Final ,, ,, = p dp. 

. * . Average pressure during compression = p \ dp. 

In one second V c.cs. are compressed by Vdv c.cs. 

Work performed during each second in compressing the air 
within the tube = (/ + ^dppjdv ergs. 

Now, the kinetic energy communicated during one second to the 
air within the tube, plus the work performed in compressing the 
air, is equal to the work performed by the agent moving the piston 
inwards. This latter is equal to the uniform pressure (/ + dp)^ 
tending to force the piston inwards, multiplied by the distance \dv 
through which the piston moves in a second. Hence finally wc have : 
Work performed by agent = kinetic energy communicated to the air per 
second + work performed in compressing air per second. 

+ dp){\dv) = \\p{Vdv)^ + (/ + yp)\dv. 

. • . yp. \dv = iVpiVdvf 
dp — V’^pdv 

V* = 

pdv 

Velocity with which a com -'I 

pression is transmitted . . / 
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dp 

The quantity which represents the ratio of a small increase of 

pressure, to the corresponding diminution of volume experienced by 
\ c,c. of air, is termed the volume elasticity of the air. Writing this 
as Tj, we have 

Velocity of sound in air = . /? = * / Elasticity 

V p V Density' 


To Calculate the Isothermal Elasticity of Air. — In 

this case we must determine the ratio of a small increase of 
pressure to the corresponding diminution of volume produced 
in I c.c. of air, when the latter is kept at a uniform tem- 
perature. 


Let p be the initial pressure, and v the initial volume occupied by a 
certain quantity of air. Then, by Boyle’s Law, if an increase of pres- 
sure dp produces a diminution of dv in the v c.cs. of air, we have 


frv = (/ -4- dp){v - dv) 

~ pv ~ piiv -f vip - dpdv. 


Subtracting po) from both sides of this equation, and neglecting the 
prtxluct of the two small quantities dp and dv, in comparison with the 
remaining terms, we have 

vdp — pdv. 



% 

V 


Remembering that is equal to the diminution produced in i c.c. 
of air when the pressure is increased from p to p + dp, we see that 


Isolherrual elasticity = 


wjm p — initial pressure of the air. 


V 


Newton war. the first to obtain an expression for the velocity of sound 
in the form 


V = 



\' Density 


lie thought that the isothermal elasticity should be used. 

Now under a pressure of 760 mm. of mercury, i c.c. of air at o®C. 
weighs ‘001293 gram.s. 

. * . D^sity of air* under these conditions = *001293 gnuns per c.c. 
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Elasticity of air = pressure of air (in dynes) = 76 x 13-6 x 981 

= I ‘014 X 10* dynes. 


, Velocity of sound, on Newton’s Hypothesis = ^ to* 

V *001293 


= 28,000 cms. per second. 

The actual velocity of sound in air ato"C., as determined experi- 
mentally, is equal to 33,180 cms. per seconj), a value much larger than 
that obtained theoretically by Newton. 


Adiabatic Elasticity of Air. — Laplace pointed out that 
the compressions and rarefactions, which occur when sounds 
are being transmitted must be produced under adiabatic con- 
ditions. Thus, in the tube previously considered, since a com- 
pression travels at the rate of 33,180 cms. per second, the time 
occupied in compressing each cubic centimetre will be less than 
a thirty-thousandth of a second. In this short interval of time 
no opportunity will be afforded for the air to give up the heat 
produced by compression ; indeed, no more perfect realisation 
of adiabatic conditions could easily be imagined. Therefore, we 
must find the value of the adiabatic volume elasticity to sub- 
stitute in Newton’s formula : — 

y „ /Volume elasticity 
Density 

Consider what happens to a volume v of air, when the initial pres- 
.sure p is increased \.o p -v dp under adiabatic conditions. 

We have 


fi'tp = {p + dp){v — dv)* — (p -f- dp)T? 

= {p dp)v^ (i - 7— + terms that may be neglected). 

. ‘ . pT^ — fnP - ypv^ ^dv -f dpt^ - 'dpdzt. 

Subtracting pv* from lx>th sides or this equation, and neglecting the 

term yv^ dpdv^ which comprises the pro<luct of the small quantities 
dp and dv^ we have 

T? dp = ypT^ ^dv. 
vdp ~ ypdv. 
dp 

^ obviously represents the elasticity of the air. Hence, adiabatic 

V 

elasticity of air ss yp. 
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Substituting this value of ij in Newton’s formula, we get, if 7 = 1*40 

Velocity of sound in air = V ^ / lit * / 1‘40 x ^ 10° 

V p V *001293 

= 33,i3ocms. per second. 

Determination of y ftrom the Velocity of Sound. -- 

If the density p of any gas, when subjected to a pressure is 
known, and the velocity of sound in the gas can be deter- 
mined, the value of y can be obtained from the equation 



Mag’nitude of the Compressions transmitted in a 
train of Sound Waves. — When a musical note is sounded, 
a number of compressions, alternating with rarefactions, are 
propagated through the air. Lord Rayleigh estimates that at 
a point in the air where a note, corresponding to the middle C 
of the piano (256 complete vibrations per second),- is just 
audible, the variations in the pressure amount to no more than 

± 6 X io~® atmosphere. 

This is a variation of pressure far smaller than can be directly 
measured by any known means. 

Adiabatic Expansion of a Saturated Vapour.— The 
general form of the isothermals of a substance, for temperatures 
immediately below the critical temperature, is indicated in Fig. 
150 {see also p. 207). On the straight parts AB, CD, of 
these isothermals, the substance e.xists partly as liquid and 
partly as saturated vapour. At the points A, C, &c., on the 
dotted line ACK, passing through the extremities of the straight 
portions of the isothcrmals, the substance is wholly in the state 
of saturated vapour. 

Let the isothcrmals in Fig. 150 he considered to refer to one gram o. 
a particular .suljstance, and let the curve ixissing through A refer to T", 
and that passing through C to (T -f 1)". Then, in order that one gram 
of the substance .sliould remain in the stale of saturated vapour whilst 
it is heated from 1 '“ to (T 4-1)“, a transtormation along the dotted line 
AC must Ije effected. 

Now it may be shown by the aid of reasoning similar to that 
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employed on p. 297, that during this transformation, which involves an 
alteration of volume from Oa to Or, an amount of work equal to the 
area AarCA must 1>e performed. This work will be transformed into 

heat in the vapour, and 



Fig. 150. — The shaded portion of this diagram cor- 
responds to the work that must be performed in 
order that a vapour should remain saturated 
when its temperature is r.aised. 


it may happen that the 
heat thus produced is 
itself sufficient to raise 
the temperature of the 
vapour from T“ to 
(T -f 1)“. In this case 
no heat need be com- 
municated to the vapour 
from external sources. 
Consequently we might 
say that the specific heat 
of the saturated vapour 
had a zero value. 

It may even hapjien 
that more heat is de- 
veloped during the trans- 
formation from A to C 
than is required to heat 
the vapour from T to 
(T -f i)“. In this case 
heat must l)e removed 


from the substance as it 


passes from A to C. We should then have the peculiar phenomenon 
of a substance parting with heat as its temperature is raised, and 
absorbing heat as its temperature falls. We might then say that the 
saturated vapour in question possessed a negative specific heat. 

If the heat equivalent of the work corresponding to the area 
is not sufficient to rai.se the temperature of the vajxiur from T to 
(T-l-I)", heat must Ije supplied from external .sources during the 
above transformation, and the saturated vapour pos.ses.ses a positive 
specific heat.' 

It may ea.sily be seen that a .saturated vafxjur will po.ssess a specific 
heat of zero value when the adiabatic through A coincides with the 
line AC. If the adialxitic through A slopes more .steeply than AC, the 
saturated vapour will possess a negative .specific heat, whilst a positive 
specific heat will correspond to an adiabatic sloping le.ss .steeply 
than AC. 


Specific Heat of Saturated Steam. — The specific heat 
of saturated steam is negative at ordinary temperatures.^ 

t See 'table on p. 467 at end of book. 
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Hence, if a mixture of steam and water is compressed under 
adiabatic conditions, some of the water will be converted into 
steam. On the other hand, if saturated steam is allowed to 
expand, part of it will be converted into water (see also p. 240). 

Hirn’s Experiments. — Him inclosed a quantity of steam, 
under a pressure of 5 atmospheres, in a long copper cylinder 
with glass ends. Initially the steam was perfectly transparent ; 
but on opening a valve, and allowing some of the steam to 
escape, that which remained in the cylinder became partially 
condensed, forming an opaque cloud. 

Specific Heat of Saturated Ether Vapour.— Satu- 
rated ether vapour possesses a positive specific heat. Hence, if 
a quantity of saturated ether vapour is compressed, a partial 
condensation will occur, whilst if the volume of a vessel contain- 
ing a quantity of ether and its saturated vapour is suddenly 
enlarged, some of the liquid ether will be converted into 
vapour. 


Summary to Chapter XV. 

An Adiabatic transformation may be defined as the result of 
any operations performed on a substance, subject to the condition that 
heat is neither communicated to, nor abstracted from, it by external 
bodies. 

Adiabatic Curve. — A curve representing the relation betw'een the 
pressure and volume of a substance when heat is neither communicated 
to, nor abstracted from, it by external bodies, is termed an adiabatic 
curve. An adialxitic curve of a gas has a steeper slope at any |X)int 
than the isothermal cutting it at that point. 

The equation to the adiabatic of a perfect gas is given by 

t T/f — constant, 

where 7 is the ratio of the constant pressure and constant volume 
specific heats of the gas. 

The value of 7 may l)c experimentally determined — 

(1) From direct measurements of the constant pressure and constant 
volume specific heats of a gas (see pages 156 to 161). 

(2) By Ckhnent and Desormes’ method. A quantity of compressed (or 
rarefied) gas is put for a few moments in communication with the atmo- 
sphere, so that its pres.sure may sink (or rise) adiabatically to the 
atmospheric pressure. During this process the temperature of the 
gas falls (or rises), and after the gas has been shut off from the atmo- 
sphere the pressure increases (or decreases) until the tem))erature of 
the atmosplTere is once more attained. 
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(3) From the velocity of sound. The velocity of sound in gas is 
equal to 



where rj = the adialxitic elasticity of the gas, t.e., the ratio ot a small 
increase of pressure to the corresponding diminiitit)n of volume pro- 
duced in each c.c. of the gas, when the compression is performed 
adiabatically. 

p = the density {mass of unit volume) of the gas at the initial tem- 
perature and pressure. 

The adiabatic elasticity of a gas is equal to the product of y (the 
ratio of the specific |ieats of the gas) into the pressure of the gas. 

Specific Heat of Saturated Vapours.— When the tem|x*raturc 
of a mass of saturated vapour is raised, the vap<nir must be compressed 
in order that it should remain saturated. During this process work 
must be performed on the vajwur, and the heat thus produced may be 
sufficient (or more than sufficient) to produce the requisite rise of tem- 
perature. 

In the latter case heat will be g’ven out by the saturated vajxrur as 
its temjrerature is raised, and consetjuently its specific heat is said to be 
negative. 

Saturated steam possesses a negative sjxcific heat. When it is 
allowed to expand adiabatically a |xirtial condensation occurs. 

Questions on Chapter XV. 

{ I ) Prove the law connecting the temperature and volume of a mass 
of [perfect gas undergoing adiabatic compression. 

How many degress will dry air at 15“ C. and normal pressure rise if it 
be suddenly compressed to one-fourth its volume? 

Take the ratio of the specific heats as i *4. 

(2) Show how to find the specific hc.at of a gas at constant volume 
from a knowledge of its value at constant pressure, and f)f the velocity 
of s<}und. Explain further how Joule’s equivalent may be found from 
the values of the two specific heats. 

(3) Explain the difference between the adiabatic ami the isothermal 
elasticities of a substance, and show how to determine the ratio of these 
two elasticities for common air experimentally. 

(4) What are adiabatic and isothermal cliangcs ? 

Show on the indicator diagram the general course of the adiabatic 
and isothermal lines for water substance which is initially in the vajX)rous 
condition not far from its condensing point, and show that condensation 
may be produced either by adiabatic expansion or isother^l compres- 
sion. 
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CARNOT’S CYCLE AND THE SECOND LAW OF THERMODYNAMICS 

An Ideal Heat Engine. — All heat engines exhibit the 
characteristic that heat disappears during the performance of 
work. Thus, in Hirn’s experiment (p. 283) it was found that 
during a given time the heat entering the cylinder of a steam 
engine was greater than that carried away by the waste steam, 


A 


at 
Seat 

B 

Fig. xst. — Di.'igr.'unm.'Uic representation of an ideal heat engine. 

the excess being proportional to the work performed by the 
engine. 

On the other hand, heat engines differ considerably one from 
another in details of their construction. In many cases these 
differences are purely of a mechanical nature, and consequently 
do not coiQcern us in the study of heat. Thus, the commercial 
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efficiency of an engine depends on the accuracy with wliich the 
various parts have been shaped and put together, and will 
vary with the system of lubrication employed, together with 
many other circumstances of a like nature. It is therefore 
advisable, in studying the purely thermal side of the subject, to 
select some simple form of engine, so that our attention may 
be concentrated on the essential features of the thermal 
operations. In speaking of a “simple form of engine,” it must 
be understood that the simplicity lies in the theory of the 
operations, rather than in the method by which these operations 
could be carried out in practice. 

Let us suppose, then, that we are provided with a cylinder A, 
furnished with an air tight and frictionless piston, and filled 
with a^substance which we may at first consider to be .a gas. 
P'or simplicity we will suppose that the piston and sides of the 
cylinder are impermeable to heat, but that the bottom of the 
cylinder is a perfect conductor. Thus, if the cylinder is placed 
on a non-conducting base, any alterations which occur in the 
inclosed gas will be subject to adiabatic conditions. On the 
other hand, heat may be communicated to the inclosed gas by 
standing the cylinder on a conducting base maintained at a 
suitable temperature. 

Cyclical Operations. — Let us suppose that the isothcrmals 
for a certain quantity of a substance have been determined and 
plotted in the manner previously described, for instance, 
pp. 98 and 207). Then it is clear that any point in the 
quadrant lying between the axes of pressure and volume will 
correspond to a definite condition of the substance ; t.e. the 
substance will be subjected to a certain pressure, will occupy a 
certain volume, and will be at a definite temperature. 

It is equally clear that if any thermal transformation be 
effected, the various stages of that transformation may be re- 
presented by points on a curve drawn in the quadrant lying 
between the above axes. 

As a particular instance of such transformation, we may sup- 
pose that the substance is finally brought back to its initial 
condition. In this case the various stages of the trans- 
formation may be represented by a closed curve such, for 
instance, as ABCDEFA, Fig. 152. A definite temperature, 
pressure, and volume of the substance will correspond# to each 
point on the curve. We may imagine a quantity of some 
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Then the substance 



Fig. 152, — Graphic represen- 
tation of a complete cycle 
of operations. 


substance^ initially in a condition represented by A, to suc- 
cessively pass through the conditions corresponding to the 
points BCDEFA along the given curve 
is said to have been subjected to a 
cycle of operations, or to have traversed 
the cycle ABCDEFA. 

Reversible Cycles.— If a sub- 
stance can be caused to traverse a 
cycle either in the order ABCDEFA, 
or in the order AFEDCBA, Fig. 152, 
the thermal actions at all points being 
reversed when the cycle is traversed 
in a reverse direction, the cycle is said 
to be reversible. 

Internal Energy.— In certain 
cases, heat may be used up by a sub- 
stance in the performance of internal work. A familiar instance 
is afforded by the heat absorbed during a change of state. Thus, 
during the conversion of one gram of water at 100° C. into steam 
at the same temperature, 537 therms, arc absorbed. When a 
quantity of heat, equivalent to the e.xtcrnal work performed 
during the expansion which occurs, has been subtracted from 
the total latent heat of steam, we are still left with a considerable 
quantity of heat which has disappeared (p. 369). 

From the first law of thermodynamics, this heat must have 
been used up during the performance of work. We are thus led 
to the conclusion that internal work is performed on the water 
during its conversion into steam. In the performance of 
this work the potential energy of the molecules has been in 
some manner increased. This increase of potential energy may 
be reconverted into heat by allowing the steam to condense. 

Internal work would also be performed during the expansion 
of a gas, if attractive forces were exerted between neighbouring 
molecules. 

In traversing a complete cycle the substance is finally brought 
back to its initial condition. Thus, the potential energy possessed 
by the molecules will have the same value at the end, as at the 
beginning, of the cycle. Consequently, in estimating the amount 
of work performed during a cyclcy any changes which may have 
occurred {p the internal energy of the substance may be left out 
of account. These changes of energy must cancel each other. 
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Camot*s Reversible Cycle.— We have already in- 
vestigated some of the most important properties of two sets of 
curves which can be drawn in tl;e quadrant lying between the 
axes of pressure and volume. We have learnt to call these 
curves rsot/iermals adiabaiics respectively. The condition of 
a substance during an isothermal transformation is defined by 
the restriction that its temperature must remain constant. 
In passing along an adiabatic, the condition to be complied 
with is that no heat shall be communicated to or abstracted 
from the substance by external bodies. 

The above conditions are the simplest imaginable, and there- 
fore a cycle of operation which involves only isothermal and 
adiabatic transformations will be of a simpler character, 
than one represented by an arbitrary curve such as that given in 
Fig. 152. Such a cycle is therefore often termed a simple 
cycle. 

Referring once more to Fig. 151, let us suppose that we are 
provided with the cylinder A containing a quantity of a perfect 
gas. In this case no internal work is performed during ex- 
pansions and compressions. Let us further suppose that in 

addition to the non-conducting 

\ stand U, wc arc provided with 

the two conducting stands C and 
D, maintained at the absolute 
D temperatures Tj' and T.p rcspec- 

^ tively, Tj being greater than 

t \ ^2* l^hc temperatures of these 

stands arc supposed not to 
I \ change when 

\ heat is taken 

^ from or added 

^ to them. 

Let us suppose 

' A is initially at 

^ the temperature 

VoUune- — ^ 'Pi and occupies 

Fig. 153.— Graphic representation of Carnot’s Cycle. a volumc cqual 

to Oa, Fig. 1 53, 

under a pressure equal to aA. Then the initial condition of 
the gas is represented by the point A. 




a c 
Volume- 


Fig* 153. — Graphic representation of Carnot’s Cycle* 
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The following operations may now be performed. 

(A) Place the cylinder on the non-conducting stand B, and 
allow the gas to expand adiabatically till its temperature falls 
to 

The adiabatic line AB will be traversed from A to B, and 
during the expansion, a certain amount of external work, equal 
to the area AB^a, will be performed (p. 297). This work might 
be utilised in raising weights, or in driving machinery. The area 
ABM has been shaded downwards from left to right, in order 
to indicate that the work has been performed by the gas on 
external bodies. 

(B) Place the cylinder on the conducting stand which is 
maintained at a temperature T2, and force the piston in till the 
volume of this contained gas has been reduced from Ob to O^. 
It is supposed that the gas remains during this operation at the 
uniform temperature T.^ Hence, in passing from B to C, the 
isothermal BC will be traversed. 

A certain amount of work equal to the area BCcb has 
been performed by external agency during this operation. This 
work has been converted into heat, which has been communi- 
cated to the stand maintained at the temperature To. Let us 
suppose that the total amount of heat thus rejected is equal to Q^. 

The area BCcb has been shaded downwards from right to left 
to indicate that work has been performed by external agency on 
the gas. 

(C) Place the cylinder on the non-conducting stand B, and 
force the piston inwards, thus compressing the inclosed gas 
adiabatically till its temperature rises to Tj. The adiabatic CD 
will be traversed from C to D, and an amount of work equal to 
the area OOdc will be performed on the gas by external 
agency. This area is accordingly shaded downwards from right 
to left. 

(D) Place the cylinder on the conducting stand C, which is 
maintained at the temperature T„ and allow the gas to expand 
till it attains its original volume. The isothermal DA will be 
traversed from D to A, and an amount of external w'ork equal 
to the area OlKad will be performed by the gas. Hence the 
area DAad has been shaded downwards from left to right. In 
order that the temperature of the gas may be maintained at Tj, 
a quantity ^f heat equivalent to the total work performed must 
have been communicated to it from the stand C. 
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Let Qj be the heat communicated to the gas during tliis last 
operation. 

Certain parts of the diagram have become cross-hatched. 
These parts represent work first on i/ie by exiernttl 

tii^ency^ and subsequently performed l>y ihe ^as on exiernol 
bodies. In the complete cycle these cjuantities of work cancel 
each other (p. 264). On the other hand, the area inclosed by 
the figure ABCD is shaded only from left to right. This area, 
therefore, represents the net amount of external work performed 
by ihe gas whilst the cycle A BCD was traversed. 

The results of the cycle can now be summarised as 
follows : — 

1. The gas was initially in the condition represented by the 
^oint A, and is finally brought b.ack to the same condition. 

2. A quantity Q, of heat was absorbed whilst the gas was at 
the temperature Tj. 

3. A quantity Q2 of heat was given up by the gas whilst at a 
temperature Tg. 

4. A net amount of external work equal to the area ABCD, 
has been performed by ihe gas. 

F'rom the Firsi Law 0/ Thermodynamics^ the net amount of 
work performed during the cycle must be equal to the heat 
which has disappeared. Hence the area ABCD must be 
dynamically equivalent to (Qi— Qjj). 

The Cycle described above is Reversible. —Thus, 
starting at A, compress the g.is isothermally till its volume is 
diminished to Od. The isothermal AD is thus traversed from A 
to D, and a quantity of work equal to the area I\.\'>da is per- 
fermed by external agency on they as. A quantity of heat Qi is 
thus given out by the gas. 

Allow the g.as to e.xpend adiabatically till its temperature 
falls to Tg. A quantity of work equal to the area DCcd is thus 
performed by the gas. 

Now allow the gas to expand isothermally from C to B. A 
quantity of work equal to the area Cbbc is performed by the gas ^ 
and a quantity of heat equal to Qg is absorbed. 

Finally, compress the gas adiabatically from B to A. An 
amount of work equal to the area UAab will be performed by 
external agency on the gas. 

Fig. 153 will represent the operations performed, if we now 
consider portions shaded downwards from left to right to re- 
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present work performed by exiernal agency on the gas^ portions 
shaded from riglit to left representing external work performed 
by the gas. 

'I'lie result may be summarised as follows - 

I A. The gas was initially in the condition represented by the 
point A, and is finally brought back to the same condition. 

2A. A quantity Q, of heat was given up by the gas whilst at an 
absolute temjjerature T,. 

3A. A quantity of heat was absorbed by the gas whilst at 
a temperature T2. 

4A. A net amount of work, equal to the area A BCD has been 
performed by external agency on the gas. 

From the /urst Law of Thermodynamics., the heat (Qj — Q,) 
which has made its appearance, is equivalent to the work per- 
formed on the gas by external agency during thi.« series of 
operations, /.c., to the area A BCD. 

Comparing the results obtained above, we see inat in the 
case where external work was performed, heat was absorbed at 
a temperature Tj, and part of it was given up at a lower tem- 
perature T2. Hence in this case, heat flows from a hot body to 
one at a lower temperature. On the other hand, when heat was 
absorbed at Tj, and given out at a higher temperature Tj, work 
was necessarily performed by external agency^on the gas. 

The Secona Law of Thermodynamics. — According 
to Clausius, this may be stated as follows : — 

It is impossible for a self-acting machine, unaided 
by any external agency, to convey heat ft'om a body 
at a low to one at a higher temperature ; or heat 
cannot of itself (that is, without the performance of 
work by some external agency) pass from a cold 
to a warmer body. 

This Law represents the result of universal experience with 
regard to heat engines and the general phenomena attending 
the transference of heat. 

It must be clearly understood that it only applies to cyclical 
operations />., when the working substance is in the end brought 
back to its initial condition. 

Passage of heat from a cold to a warmer body.— 

Let us suppose that we are provided with two cylinders A and 
B, each fitted with an air-tight and frictionless piston, the 
pistons an^ walls of the cylinders being non-conductors of heat 
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Let the air in A be initially at a higher pressure but at a 
lower temperature than that in 13. Then if the pistons are 
connected in a suitable manner, the air in A may be allowed to 
expand and compress the air in 13. Both operations will be 
performed under adiabatic conditions, and therefore the air in 
A will be cooled, and that in B will be heated. Further, 
as the work performed dy the air in A is equal to the work 
performed on the air in B, the amount of heat which disappears 
in A will be equal to that generated in B. Hence heat will 
disappear from a cold body A, and reappear in a warmer one B. 

It must be noticed, however, that at the end of the experiment 
the condition of the air in either cylinder will differ from its 
initial condition. Hence, no breach of the Second Law of 
Thermodynamics is involved. 

The following experiment, which at first sight seems to 
contradict the above law, is capable of a somewhat similar 
explanation. 

Expt. 64. — Make a saturated aqueous solution of calcium chloride, 
and having placed a thermometer in it, heat the solution by the aid of 
a Bunsen flame to about 95® C. Now pass steam into the solution, 
and note the temperature to which it rises. It will be found that a 
temperature of 109 — 112° C. will l)c finally attained. 

In this experiment, heat passes from steam at 100° C. to the solution 
which is at a higher temperature. 

During the experiment, steam is condensed in the solution, 
so that its initial and final conditions will be different. The 
strength of the solution is, in fact, progressively weakened. 
Hence this case is outside the Second Law of Thermodynamics, 

The actual explanation of the experiment is somewhat as 
follows. Calcium chloride is a highly hygroscopic substance ; 
consequently when steam is passed into the strong solution, part 
of it is condensed to form a loose chemical combination with 
the calcium chloride. But for every gram of steam 
condensed, about 536 therms are given up, so that the 
temperature of the solution rises. The temperature will 
continue to rise till the boiling point of the solution is reached, 
when no further change will take place. 

Compare the results of the above experiment with those 
obtained when water and strong sulphuric acid, initially at the 
same temperature, are mixed. 
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Bflacienoy of a Heat Engine. —The efficiency of a heat 
engine may be measured by the proportion of the total heat 
absorbed at the higher temperature, which is converted into 
external work. Thus, if W represents the area ABCD, Fig. 153, 
W 

then - j- will represent the heat equivalent of the work per- 
formed by the gas during the direct cycle. Further, 



by the First Law of Thermodynamics. 

Therefore the efficiency e of the engine, when absorbing heat 
at a temperature Tj, and discharging heat at a temperature T2, 
may be written 





Carnot’s Theorem.— All reversible heat engines 
possess the same efiBciency when absorbing and 
rejecting heat at the same two temperatures. - 
The truth of Carnot’s theorem may be proved by showing that 
if it were false, the Second Law of Thermodynamics would be 
violated. 

Let us suppose that we are provided with two heat engines, 
A and B, both of which, when working directly, absorb heat from 
a source maintained at a temperature Tj, and reject heat into a 
condenser maintained at a temperature Tg. 

It is important to remark that no heat is supposed to be 
absorbed or rejected except at the two specified temperatures. 

The working substances enclosed in the two cylinders may be 
different ; we are in no way concerned with the form of the 
cylinders or with any mechanical details. 

If the efficiencies of A and B arc not equal, let us suppose that 
A has a greater efficiency than B. Then we may suppose that 
in B the length of stroke (/>., the distance through which the 
piston moves backwards or forwards) is so adjusted that the 
work performed in a complete cycle is equal to that performed 
by A under similar circumstances. 

By meani of suitable mechanism, A may be coupled 50 that 
when it works directly, It drives B reversely. Then, during each 
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complete cycle, A will absorb a quantity Q| of heat at the tem- 
perature Tj, and reject «a quantity at a temperature IV 
On the other hand, since B traverses the cycle in a reverse 
sense, it will absorb a quantity Q./ of heat at a temperature T 2 , 
and discharge a quantity Qi of heat at a temperature Tj. 


Since equal amounts of work are performed in both cases, we have, 
in accordance with the First Law of Thermodynamics, 

Qi — Q-i ~ Oi “ Q 2 (O' 

But if the efficiency of A is greater than that of B, we must have 


Oi - KK-Q2 

Qi 

Therefore, dividing (2) by{i), we get — - > 

Vi VI 

• 

Also Q./ > Q2, from (3) and (i). 


( 2 ). 


(3) 


This means that the quantity Q/ of heat which 15 discharges 
into the source is greater than the quantity Q, which A absorbs 
from the source ; whilst the quantity Q.J of heat which B absorbs 
from the condenser is greater than the quantity Q., of heat which 
A discharges into the condenser. Hence during the per- 
formance of each complete cycle, a quantity of heat equal to 

Qi' - Q. = <3; - Qa 

will be transferred from the condenser at to the source at a 
higher temperature Tj. Since no external agency is supposed 
to aid the two engines, heat passes from a body at a low to one 
at a higher temperature without the performance of work by 
external agency. This is a violation of the Second Law of 
Thermodynamics. 

Hence Q 2 '= Q 2 , and Qi'= Qi. Therefore = Sir 9,2^ 

VI Vi 

and the efficiencies of the two engines are equal. 

Remarks. — Some confusion is sometimes occasioned by the 
use of the word “engine” in the above argument. In ordinary 
language, the word engine is generally understood to refer 
almost exclusively to the mechanical arrangements used for 
facilitating the conversion of heat into work. In the general 
theory of heat engines as developed above, the term engine 
must be understood to apply almost exclusively to file working 
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substance used in the conversion of heat into work. The 
mechanical arrangements used are in all cases supposed to be 
perfect, so far, at least, as is necessary in order that the 
theoretical conditions may be complied with. 

The meaning of Carnot’s theorem may be made clearer by 
the following illustrativ'e example. Ether, water, and mercury; 
when heated (say) from lo'^ C. to i2o^C., will all suffer changes 
of volume. In each case, too, the adiabatic elasticities will differ 
more or less from the isothermal elasticities. Let us suppose, 
then, that three engines are constructed so that 

1. An isothermal expansion may take place at the temperature 
120^ C. 

2. Adiabatic expansions and compressions may take place 
between 120" C. and 10" C. 

3. An isothermal compression may be effected at the tempera- 
ture 10 C. 

Now during the expansions of the various substances the 
actual variations in volume, together with the forces called into 

play, will differ greatly. Further, different quantities of heat 
will be absorbed at Ti and rejected at 1 '.^ But in all three cases 
the ratio 

Work performed 

Heat absorbed from the source 

will have the same value, provided no irreversible effects, such 
as those due to friction, are called into play. 

I'hus, ether might be used instead of steam as the workine^ 
substance m an engine, without the theoretical efficiency of the 
engine being altered. In the case of mercury, the expansion 
would be very small, and the forces called into play would be 
correspondingly large. Hence a different mechanical construc- 
tion would be necessary. But provided this were carried out so 
as to fulfil the theoretical conditions applying to a heat engine, 
liquid mercury could be successfully used as a working 
substance. 

Actual heat engines will appro.ximatc to the theoretical 
efficiency of an ideal heat engine working between the pre- 
scribed temperatures, in proportion as the cycle traversed 
approximates to a reversible cycle ; provided that heat is 
absorbed only at the higher temperature, and rejected only at 
the lowc^ temperature. In no case can the efficiency of a heat 




YoUjutlc 

Fig. 154. —Graphic repre5>entation of Lord Kelvin s absolute scale of temperature* 


was inclosed in the cylinder A (Fig. 151). We are now in a 
position to see that the value 

Q. - Q2 

Qi 

will be the same, whatever working substance is inclosed 
in the cylinder. Thus, if internal work is performed in 
traversing the isothermals DA and liC (Fig. 153), the values of 
Qi and Q, will differ from the heat equivalents of ihe areas 
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DA^^/and WCcd. Nevertheless Q, - Q2 will he equal to the 
net amount of external work performed during the cycle, since 
the working sul^stance is in the end brought back to its initial 
condition (p. 335). Also the efficiency 

Qi ~ Qa 
Qi 

will be the same as for a perfect gas absorbing and rejecting 
heat at the same temperatures. 

Lord Kelvin’s Absolute Scale of Temperature.— 
Let us suppose that two isothermals have been obtained for a 
substance at two arbitrary but definite temperatures. Let these 
isothermals be represented by AA' BIV, Fig. 154. For con- 
venience wc will suppose that the temperature corresponding to 
BIV is that of water boiling^ under standard conditions {see 
Ch. II.), whilst the temperature corresponding to AA' is that of 
melting ice. 

Take any point ^ on BIV and determine the adiabatic /3a, 
passing through this point ; this adiabatic cuts the isothermal 
A A' in the point o. 

Now allow the substance to expand isothermally from the 
point to ; the amount of work performed may be measured 
in mechanical units. Next determine the adiabatic 3'a', cutting 
the two isolhermals in /3' and a'. As previously explained, the 
external work performed by a reversible heat engine, whilst 
describing the cycle fifi'aa between the temperatures of boiling 
water and melting ice, will be equal to the area 

Let us now divide the area /3/3'a'a into any convenient number 
of equal parts by means of isothermal lines, such as CC', DD', 
EE', «!!y:c. (Only four are shown in the figure, but the most con- 
venient number would be 100). Then we have 

Area $ 0 'y'y = area yy'B'Ji — area = area ee'a'o. 

Now let us define the temperature of any isothermal as proportional 
to the area enclosed by it and the two adiahatics /3a and 0 'a\ and the 
is»)thcrmal AA'. Thus, since the area rc'a'a ~ \ area $ 0 'aa, we may 
define the temperature corres|H>n<ling to EE' as 25'' + 00, where 0o is 
the temperature corresponding to the isothermal AA'. The tempera- 
ture corresponding to DD' will be 50” + and that corresjxmding to 
CC' will bc^75“ + ^0’ 
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It may now be proved that temperatures measured on this 
scale arc ludcpcndenf of the nature of the substance^ of 'ivhich 
the isothermals and adiabatics haz>e bee?i used. 

For let the area be equal to A, and let ^ represent 

the temperature, measured on Lord Kelvin’s scale, correspond inj^ 

to any isothermal. Then the area enclosed by the isothcrmals 

for 6 ^ and (0 — i)', and the adiabatics /3a and j3V, will be equal 

. A 
to — . 

loo 

Now, this area will be ccjual to the dift'crence between the 
heat Q, al)sorbed at d, and the heat Ql rejected at i, bv a 
reversible engine working between these temperatures. 




loo 


Similarly, it follows that the area enclosed bv two isothen.ials 
corresponding to the temperatures d, and 6 . 2 , and the two adia- 
batics /3<i and /3'a', will be eciual to (dj — 0.,) x . Also, if Q., is 

“ 100 

the heat rejected at do by a reversible engine working between 
dj and d._,, we have 

Q. - Q- “ ( 0 , - 0 ;) X A. (I) 

100 


As a particular instance, let us suppose that the a<lial)atics 
/3a and /3V arc prolonged till they cut the isothermal corre- 
sponding to ■ the condition of the substance when entirely 
deprived of heat. If a reversible engine be supposed to work 
between the temperature d, and this latter temperature, no heat 
will be rejected from the engine at the lower temperature ; all 
the heat will have been converted into work during the adiabatic 
expansion. Let us define the temperature of a substance when 
entirely deprived of heat as the absolute zero of temperature. 
Then in the above equation, if we measure temperatures f-om 
this zero, we shall have — 

1. Since no heat is rejectee! at the lower temperature, -- o, 

2. Since the lower temperature is taken to be zero, O.j ~ 

A 


O 
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In obtaining ( 2 ), we have substituted particular values for Q., and O.^ 
in (i). But (i) is generally true for a heat engine absorbing a quantity 
of f of heat at and rejecting a quantity (^>2 at B.^, where 0] and 6.^ 
are any temperatures measured on Lord Kelvin's scale. Therefore, 
dividing the left hand side of (i) by Qj, and the right hand side by the 

ecjual quantity 0, x we get the general relation 


But 


0i - Oo 


O. 


Qi ~ Q2 _ ~ ^2 

(), - - 0, • 

is the efficiency of a heat engine working iK'twecn the 


isothermals corresponding to 0j and By Carnot’s theorem, this is 

indi'pendent of the nature of the substance used to transform heat into 
work. 


Therefore, 
is indepemlent 


01-02 

of the nature of the substance used. 


But 


0 , 

>1 ■ 


0 ., 


0 


cajialilc of variations, 


Hence, since i is a number and is therefore in- 

, • r 

the ratio -- ol any two temperatures must be 
^1 


independent of the nature of the substance of which the isothermals and 
adiabatics have been used. That is, any substance of which the iso* 
thermals and adiabatics can be determined will serve C(|ually well for 
measuring temperature, ami the result obtained will be exactly the 
same whatever the sulcstance may be. 


P'urther, 


1^'^- — • I _ „ I „ ^ 

“ *^1 ’ ■ Qi ” 

• '• 0, " 


/.r’,, the ratio of any two temperatures is equal to the ratio of the 
heat absorlied to the heat rejected by an ideal heat engine 
working between those two temperatures. 

It may also be noticed, that tlie value of a temperature mea- 
sured m the above manner is independent of the particular 
adiabatics chosen. 

Temperatures Measured on Lord Kelvin’s Scale will 
agree with those Measured by the aid of a Perfect 
Ga£t Thermometer. A perfect gas conforms to the con- 
ditions prescribed in the dynamical theory of ga.ses. Hence we 
, have lli<^ equation 


pv - RT jj MV'-* (p. 293) 
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where T is measured by the constant pressure gas thermo- 
meter. 

When T=o, V=so, i.e.y the molecules of the gas will be 
reduced to complete quiescence, and will therefore be entirely 
deprived of energy, which we have learnt to consider as equiva- 
lent to heat. Hence at the absolute zero, as measured by the 
perfect gas thermometer, the condition of a substance will be 
the same as at the absolute zero measured on Lord Kelvin’s 
scale. 

Also there are ioo° between the melting point of ice and the 
boiling point of water, on both scales. 

It remains to be proved that the magnitude of a degree is 
the same on both scales. We will do this by determining the 

work performed in 
traversing a Car- 
not’s cycle, heat 
being absorbed at 
a temperature Tj, 
and rejected at a 
temperature T2, 
Ti and T2 being 
measured by the 
perfect gas ther~ 
mometer. 

Let us suppose 
that a/3, Hyy Fig. 
155, are parts of 
isothermals of a 
perfect gas when 
at the respective 
temperatures Tj 
and T2 (measured 
from - 273° C.) re- 
spectively. 

Let a represent 
the initial con- 
dition of the 
gas. Allow it to expand isothermally through a small increment 
of volume the point ^ thus being reached. Now the pres- 
sure at a will be greater than that at /3 ; but if dz/i is ve^y small, 
/.p., if a and /3 are very close together, we may assume that the 
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work performed during the above expansion is equal to the 
pressure at multiplied by the increase of volume, between a 
and /.r., work performed = area Fig. 155. We have 

thus neglected the area of the small triangle a/ 3 A, which is seen 
to be small in comparison with the area A/S/S'a. 

Let Pi = =* the pressure at /S. 

The work performed in passing from a to /3 = Pydvi (p. 297). 

In a perfect gas no internal work is performed during expan- 
sion, />., no work is performed in separating the molecules 
from each other. Therefore the only heat absorbed during 
the expansion will be that corresponding to the external work 
pitivi performed. 


.*. Quantity of heat Q|, absorbed at temperature Tj 



(First Law of Thermodynamics.) 


Allow the gas to expand adiabatically till the temperature 
T2 is reached. The adiabatic will be traversed from to y 
Let and be the pressure and volume corresponding to the 
point y. 

Now compress the gas isothermally till a point 5 on the 
adiabatic passing through a is reached. If the decrease in 
volume so produced is equal to dv^ it may be shown by reason- 
ing similar to that already employed, that the work performed 
on the gas is equal to p<^hf^. 


Quantity of heat Q2, rejected at the temperature Tj 




(First Law of Thermodynamics.) 


We may now compress the gas adiabatically from d to a, 
when it will have attained its initial condition. 

Hence the efficiency of an ideal heat engine working between 
T, and T, 

P ldVx _ P^V% 

, _ 2i 1.2* _J[ L — ~ 

“ Qi * ~ Pidvi • 

J 

It now remains for us to determine the value of the members on the 
right hand side of this equation in terms of T| and T,, 
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Since $ is on the isothermal for T|", we have 

= KTj. 

RT^ 


• *• Pi 

'1 

. •. piffvx ~ RTj 




Since the point y is on the isothermal for Tg**, we have 

/2®2 = 


A = 


2* 
RTo 


v.i 


A*-, = UTj 


. - _ Qi “ Qa _ 

Q. ~ 


RT, ^ - RTa 


V. 








1 


Vo 


RTi 


dz\ 


t,2^ 


(I). 


The values of the ratios and may lx? determined from the 


^1 * 
civx . (iT>o 
r/, 

condition that $ and y are on one adialxitic, whilst a and 8 are on 
another adiabatic. 

■'2 


First, let us determine the ratio — of the volumes occupied by the gas 

Vo 

at 0 and y respectively. 

Since 0 and y are on an adialxitic 


But 


Pi^i ' = A2A' 
tY _ A 
Pi 

KTj^ 

A 

R'A 


■■■ & 


(2). 


and />2 = 




Sulistituting these values for /, and right hand member of 

(2), we get 

= !:i 

\vj ■ T,* 

Dividing both sides of this equation by we get 

U/ " T? 

I 

Now this value rbr the ratio of the volumes occupied by gas at 0 and 
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y is independent of the pressures, and therefore of the particular 
adiabatic on which the points may be situated. Therefore we must 
have 

I 


Volume occupied by gas at a 
Volume occupied by gas at 5 




■ - (hv - ■ = 

■ • ^2 - a'»2 VT,/ 


Theicfore, mitltiplying across, we get 

- dv^) = t'l (r'2 - 

- V^dVij, 

. ’ . — Vidz’^. 


dVi _ dz>2 






dvy . 


Substituting this value of in ( i ), w'e get 

dv^ 


V. 


_ Qi ~ Qa „ 
Qi 


T, ^ - T, 


dv^ 

3 


Vo 


T, -T2 
T, 


But we have seen that on Lord Kelvin’s thermodynamic scale of 
temj^eralure 

Qi ~ Qa __ ~ 

q; “ ' 

If is the absolute temperature of boiling water, 0^ being that oi 
melting icc, then 6| — = loo. On the perfect gas thermometer we 

should similarly have Ti - T.^ = lOO, for the same difference of 
temperature. 

- Q, T, - T, loo . . 

*. •; = • 50 = — L- — * =5 — using the jierfect gas Ihermo- 

‘.'i *1 *1 


meter. 

« 


z.Qs ~ ~ 

«i 


, using Lord Kelvin’s scale of 


temperature. 

Since « must have the same value in both cases, we have 

ICX3 _ loo 
Ti ~ ^ • 

. ■ . 1 1 ~ #1, 

the absolute temperature of boiling water is the same 
whether ^measured by the perfect gas thermometer or on Lord 
Kelvin's absolute scale of temperature. 
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In the same way, it may be shown that any other temperature 
will have the same value on the two scales. 

Advantages of Lord Kelvin’s Absolute Scale of 
Temperature. — In measuring temperatures by the expansion 
of some substance, the magnitude of a degree will depend more 
or less on the nature of the substance. Even with a gas 
thermometer the magnitude of a degree will vary according 
as carbon-dioxide or hydrogen is used. 

The ultimate aim of science is to obtain hll measurements in 
terms of the fundamental units of length, mass, and time, or in 
terms of a derived unit, such, for instance, as that of energy. 

But in utilising the expansion of a substance in measuring 
temperature, a property of a particular substance is involved. 

On the other hand, when and B.j, are measured on Lord 
Kelvin’s scale, we have : — 

^2 q ; 

and Q2 can be measured in terms of energy, since by the 
first law of thermodynamics, heat is proportional to work. 
Therefore, the ratio of any two temperatures may be obtained 
from purely mechanical considerations, and will be independent 
of the particular substance used in the conversion of work into 
heat. 

Lord Kelvin’s thermodynamic scale of temperature is there- 
fore absolute in the true sense of the term. 

The magnitude of and will depend on the fixed points 
chosen. It is most convenient to choose these as the boiling 
point of water and the melting point of ice. 

Supposing that we could obtain a quantity of a perfect v^as, 
/>., a gas which would obey Boyle’s law for all pressures, then 
the ratio of any two temperatures, as measured by the expansion 
of this gas at constant pressure, would be equal to the ratio 01 
the corresponding temperatures measured on Lord Kelvin’s 
scale. If the same fixed points were chosen in both cases, then 
the absolute magnitude of a temperature would be the same, 
whichever of these two systems was used. 

Now experiment has shown that no gas can be considered 
“ perfect,” in the above sense of the term. The product of the 
pressure and volume of hydrogen remains most nearly constant 
(p. 203), whilst the other “permanent” gases exhibit greater 
deviations from Boyle’s law. Temperatures measured on the 
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constant pressure hydrogen thermometer will coincide, to a 
close approximation, with those measured on Lord Kelvin’s 
absolute scale. 

Entropy. — In passing along an adiabatic, such as acSy/S, 
Fig. 1 54, successive changes of temperature are experienced by 
a substance. At /3 the temperature of the substance will be 
that of water boiling under standard conditions, whilst at a the 
temperature will be that of melting ice ; all intermediate 
temperatures will be successively attained in passing from 
a to / 3 . 

Moreover, in passing from one isothermal to another, the 
same alteration in temperature will be experienced, no matter 
what adiabatic is traversed. This is self-evident, since by de- 
finition a substance has the same temperature at all points on 
an isothermal. Hence since y and y are on the isothennal CC', 
these points will correspond to equal temperatures. Similarly 
and ^ will correspond to equal temperatures. Therefore, in 
passing from y to 3, the rise in temperature will be equal to 
that on passing from y to (i\ 

Let us now turn our attention to the thermal changes which 
correspond to the passage, along an isothermal, from one 
adiabatic to another. During this transformation, the tempera- 
ture remains constant, and a certain quantity of heat enters the 
body if external •work is perfortned by it^ or if its internal energy 
is increased y or is rejected by the body if ivork is perfortned on 
it by external agency^ or if its internal energy is diminished. 
Now during the passage along different isothermals, equal 
quantities of heat will not be absorbed or rejected between the 
same adiabatics. Thus, from Carnot’s theorem, if Q| units of 
heat are absorbed in passing from /8 to /S’, Fig. 154, at the con- 
stant temperature dj, then Qj, units will be given up during the 
passage from y* to y at the temperature 6 ^ ; the relations 
between Qj and Qj being expressed by the equations : — 

Qi ~ Qa = fi&'y'y. 

Qi-Qa 

Qi “ 

• = P- 347 )- 

. Q« Qi 


A A 
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Further, the above operations are revtrsibU^ i.e.^ units of heat 
are given up during a compression from 7' to 7 at a temperature ®2» Qa 
units will be absorbed during an expansion from 7 to 7'. 

In the same way it may be shown that in passing along the isothermal 
for 63 from any point 8 on the adiabatic i878a to a point 8' on the 
adiabatic the amount of heat Q* absorbed will be given by the 

relation 

0? = Q 2 = Qj 

0s 0a 0i ' 

Hence in passing along any isothermal from one adiabatic to 
another, the ratio 

Heat absorbed (or rejected) 

Absolute temperature corresponding to isothermal traversed 

will be constant, whatever isothermal path is chosen. 

This ratio may be used to distinguish different adiabatics, 
just as different isothermals are distinguished by their tempera- 
tures. 

Let us take any adiabatic / 3 yS€a as a standard, and draw the 
adiabatic so that 

Qi s_. ^ — Q3 — » 

^1 ^2 ^3 

We might then draw another adiabatic in such a position that 
the ratio, 

Heat absorbed during t he p assag e to it from ffyVf'd ; 

Temperature corresponding to the isotherma path chosen, 
should be i. 

Proceeding in this way we might divide the whole of the 
diagram up by consecutive adiabatics, distinguished by the 
characteristic that in passing isothermally from one to another 

Heat absorbed (or rejected) 

Absolute temperature corresponding to isothermal traversed 

This characteristic property distinguishing one adiabatic from 
another is termed difference of entropy. 

Since all points on an adiabatic will be characterised by the 
same entropy, we may define this quantity as follows : — 

The term Bntropy is applied to that thermal pro- 
perty of a substance which remains constant as long 
as heat is not communicated to or abstracted from 
it by external bodies. 






XVI THE SECOND LAW OF THERMODYNAMICS 355 


Adiabatics are sometimes termed isentropics lines of 
equal entropy). When heat enters a substance, its entropy in- 
creases. The increase in entropy is measured by 

Q 

0 

where Q is the heat absorbed, and 0 is the absolute tempera- 
ture during the absorption. 

Method of Measuring Entropy. — Let us define the con- 
dition corresponding to zero entropy by the intersection of a 
particular adiabatic with a certain 
isothermal. Let A be the point so 
obtained. It will correspond to a 
definite temperature 0 and pres- 
sure p. 

Let B represent the condition of one 
gram of a substance, and let it he re- 
quired to determine the entropy corre- 
sponding to this point. 

Allow the substance to expand adia- Fio. 156.— Meihtxl of measuring 
batically till its temperature sinks to entropy, 

the standard temperature. No change 

of entropy will occur during this transformation. Hence, the entropy 
of the substance at C will be equal to that at B. 

Now compress the substance isothermally till the point A is reached. 
Let Q units of heat be rejectetl during this process. Then the difference 
in entropy between C ami A is equal to 

Q 

e' 

Hence, we may say that the entropy of the substance at B is equal to 

Q 

The Entropy of any System always tends to in- 
crease to a Maximum V^ue. — The truth of this proposi- 
tion, due to Clausius, may easily be seen if we remember that 
heat always tends to pass from bodies at high to those at 
lower temperatures. 

When bodies at different temperatures are put in thermal 
communication, the fact that the temperatures tend to be- 
come equalised led to our first idea of heat as a quantity 

A A 2 
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(p. III). We there assumed that heat was something which 
passed from the warm to the colder body, during the equali- 
sation of temperature. In the case of a self-acting heat engine, 
heat is always absorbed at a high and rejected at a lower 
temperature (p. 339). 

Let us suppose that a quantity Q of heat flows from a warm body at 
a temperature to a colder body at a temperature 6^. 

The loss of entropy of warm lx>dy = 

Gain of entropy of colder body = 

. *. Gain of entropy of the system comprising both bodies = 

2-2 = 0 

Since 9i is greater then - dg is positive. Therefore, the entropy 
of the system is increased by the passage of heat from the lx)dy at 6| to 
the colder body at 0^. 

To express the external work performed in travers- 
ing a Carnot’s cycle in terms of differences of tem- 
perature and of entropy. 


Let Qi units of heat be absorbed at the temperature 6^. 

Let Q 2 units of heat be rejected at the temperature 

According to the first law of thermodynamics, work performed in 
traversing the cycle = area of cycle = J (Qi - Qj), if Qj and 
measured in therms. 

During the absorption of Qj units of heat at a temperature Oj, the 
entropy will be increased by 

Let us suppose that the entropies corresponding to the two adiabatics 
forming part of the cycle are and ^ 3 . 

Then 

^ .*. Ql = 

Similarly, since the heat Q 2 is absorbed at the temperature ^ 2 » 
ffassing between the same two adiabatics 

^ Q2 ~ 

Qi“Q2 (^1 “ ^ 2 ) (0a ” 0i)* 

Work performed during cycle = J{Qi - Q,) = J(®, - 
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TemperatTire-Entropy Diairrams.— In defining the 
condition of a substance, instead of specifying its pressure, 
volume, and temperature, it is often preferable to state its 
temperature and entropy. 

We may mark off equal increments of entropy along a hori- 
zontal axis, and equal increments of temperature along the 
vertical axis. 

The isothermals will be straight lines parallel to the axis of 
entropy, and the isentropics (p. 355) will be straight lines parallel 
to the axis of temperature. 

In order to fix our ideas, let us represent a Carnot’s cycle by 
means of a temperature-entropy diagram. 

Let us suppose that 2,900 units of heat (measured in therms.) 
are absorbed at the tempera- 
ture say 290"^ (absolute). 

During this process, the en- 
tropy is increased by <^2 “ 0i 

_ — 10 units. Take any 

290 

point A, Fig. 157, on the 290"^ 
isothermal, and mark off to the 
right of this a distance equal to 
the 10 units on the entropy 
scale. We thus obtain the line 
AB, representing the isother- 
mal expansion at the higher 
temperature. 

During the adiabatic expan- 
sion, the entropy remains con- 
st.ant, whilst the tempenature 
falls. Hence this operation will be represented by a straight 
line parallel to the axis of temperature. 

Let the temperature of the condenser be 280°. Then the line 
BC will represent the adiabatic expansion. 

Now during the isothermal compression of the substance at 
the lower temperature, the entropy is decreased by an amount 
equal to the increase of entropy during the expansion at the 
higher temperature. This follows from the relation 
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Fig. 157. — Entropy-temperature diagram 
of a Carnot's cycle. 
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Therefore CD represents the compression at the temperature 
^2 (280° absolute). 

It can easily be seen that DA represents the final adiabatic 
compression, by which the substance is brought back to its 
initial condition A. 

Work performed during the above cycle = J(<^i -- ^2) (02 0 i) 

= J X AD X AB = J X area of the square ABC = 100 J ergs. 

The fact that an ideal heat engine describing a simple 
cycle, has a maximum efficiency for an engine working between 
the given temperatures, may be instructively illustrated by the 
aid of a 6(f> diagram. 

Heat absorbed at upper temperature ^i = Qi = ^i (02~0i)' 
Efficiency of any ideal heat engine describing a simple cycle 

_ Qi ~ ~ ^2 

- Qi “ • 

For the cycle ABCD, Fig. 158, 



• 0345 - 


Now let us draw any other figure such as ABECDFA. 

In this case the work performed during a cycle = J x area 

ABEF. The heat absorbed at 



the temperature $1 = x AB 
= 2,900 therms., as before. But 
in passing along BE, the en- 
tropy has been increased byfive 
units. Hence heat was being 
continually absorbed whilst 
the path BE was being tra- 
versed. 


Fig. 158. — diagram of simple cycle, 
and cycle in which heat is absurlMsd 
at various temperatures. 


Now the average temperature 
along the path BE = 285'^ 
(absolute). 

Total heat absorbed in 
passing from B to E = average 
temperature X difference of en- 
tropy between E and B — 285 
X 5 == 1,425 therms. 


In passing E to F, a quan- 
tity of heat, equal to ^2 x FE « 280 x 20 = 5,600 therms, is 
rejected 
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In passing from F to A, a quantity of heat, equal to the average 
temperature along FA x difference in entropy between A 
and F = 285 x 5 = 1,425 therms, is absorbed. 


Total heat absorbed = 2,900 4- 2 x 1,425 = 2,900 4- 2,850 
= 5,750 therms* 

Work performed during cycle = J x (heat absorbed - heat 
rejected) = J x (5,750 - 5,600) = 150 J ergs. 

.'. Efficiency of engine describing the cycle ABEFA 

= _L 5 £. ^ .0,6. 

5.750 


Therefore the efficiency of a heat engine is diminished if part 
of the heat absorbed is taken in at temperatures intermediate 
between those of the source and of the condenser. 


To construct a 00 Diagram for 1 g^am of 
Water and Saturated Steam. — When a gram of water 
is heated from C. to C., i therm of heat is communicated 
to it, and the absolute temperature is changed from 273° to 274° 
The average absolute temperature during this operation is 
273*5° » therefore, it follows that, to a first approximation, the 

entropy of the gram ot water is increased by — ~ — , whilst 

273‘5 


it is being heated from o® C. to i° C. 

For convenience, the zero of entropy is generally taken to 
correspond to water at o'’ C. Hence, the entropy of i gram 

of water at 1° C. = — ^ — = *003656. 

273*5 


Neglecting the variation in the specific heat of water (see 
p. 134), it follows that when a gram of water is heated from 
10° C. to 1 1® C. (283'’ to 284®, on the absolute scale) the entropy 

is increased by — = *003527. 

283*5 

Proceeding in this manner we can construct a table similar to 
that given on the next page. 

(It is of course supposed that the water remains in the liquid 
condition throughout the above operations. For temperatures 
higher than 100° C., ebullition is supposed to be prevented by 
the application of a sufficiently high pressure.) 
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Approximate Increase in the Entropy of One Gram of 
Water, for a rise of Temperature of i° C. 


Temperature 
of Water. 

Increase of Entropy 
per degree* 

Temperature 
of Water. 

Increase of Entropy 
per degree. 

o"C. 

•003656 

1 10° c. 

•002607 

10 

•003527 

120 

•002542 

20 

•003407 

136 

•002478 

30 

•003296 

140 

•002418 

40 

•003190 

150 

•002361 

50 

1 ^003091 

160 

•002307 

60 

•002999 

170 

•002255 

70 

•002912 

180 

•002205 

80 

•002829 

190 

•002157 

90 

•002751 

200 

•002112 

100 

1 

•002677 

210 

i 

•002068 


To find the entropy of a gram of water at any temperature (say 
50“ C. )> we proceed as follows — 

Add together the numbers in the second column opposite the tem- 
peratures 0°, 10°, 20°, 50°. 

Divide the number so obtained by six, inorder toget the average increase 
in the entropy of i gram of water, between o“C. and 50’’ C., for a rise of i“C. 

We thus find 

Average increase in entropy per degree Centigrade between o” and 
50“ = *003361. 

. * . Increase in entropy for a rise in temperature of 50° = 50 x 
•003661 = *1680. 

Entropy of i gram of water at 50° = *1680. 

In a similar manner, calculate the entropy of 1 gram of water at 
25", 50“, 75% 100% 125'*, 150“, 175°, 200°, and plot these values or a 

diagram similar to Fig. 159. The curve obtained by joining these 
points is termed the water line. 

The entropy ^ of i gram of water, at an absolute temperature T, 
can also be calculated from the formula 

0 = 2*3o{log,(,T- log, 0273}. 

In order to obtain the steam line, it is only necessary to re- 
member that in order to convert i gram of water at any 
temperature into saturated steam at the same temperature, a 
certain amount of heat, termed the latent heat of vaporisation, 
must be communicated to the water. Let Lt be the latent 
heat of steam, at a temperature /. This varies with Jhe tem- 
perature of vaporisation {see p. 155). Then since the tern- 
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perature is not changed by the communication of this heat, 

the increase of entropy = — . 

273 + / 

The value of L, may be calculated from Regnault’s formula 
{see p. 155), or obtained from the following table : — 

Properties of Saturated Steam. 


0 

d. 

B 

V 

H 

1 

i 

Latent Heat 
(Lt). 

Pressure in 
mra. of 
mercury. 

Specific 
volume in 
litres per 
gram. 

Temp, C. 

a 

0 

Pressure in 
mm. of 
mercury. 

Specific 
volume In 
litres per 
gram. 

0" 

6o6‘5 

4*60 

210*66 

; 100 

5365 

760*00 

1*6496 

5 

603-0 

. 6 53 

150*23 

i 105 

533*0 

906-41 

1 ‘3978 

10 

599*5 

9-17 

108*51 

’ no 

529*4 

1075*4 

1*1903 

15 

596-0 

12-70 

79*35 

; "5 

525*8 

1269-4 

1 ‘0184 

20 

592-6 

17*39 

78*72 

120 

522*3 

1491*3 

0*8752 

25 

589*1 

23*55 

43*96 

125 

518*7 

1743*9 

07555 

30 

585-6 

31*55 

33*27 

130 

515*1 

2030-3 

0*6548 

35 

582-1 

41*83 

25*44 

135 

511*6 

2353*7 

0*5698 

40 

587-6 

54*91 

19*64 

140 

508-0 

2717-6 

0*4977 

45 

575 -* 

71*39 

15*31 

145 

504*4 

3125*6 

0*4363 

50 

5717 

91-98 

1 2 *049 

: 150 

500 -8 i 

3581*2 

0-3839 

55 

568-2 

117*47 

9*501 

! 155 

497*2 

4088-6 

0-3388 

60 

564*7 

148-79 

7*653 

160 

493*5 

4651*6 

0-3001 

65 

561-1 

186-94 

6*171 

i 165 

489*9 

5274*5 1 

0-2665 

70 

557*6 

233-08 

5*014 

170 

1 486*3 

5961*7 1 

0-2375 

75 

554 *« 

288-50 

4-102 

; 175 

1 482*7 

6717-4 ! 

0-2122 

80 

550*6 

354*62 

3*379 


1 479*0 

7546*4 

0-1901 

85 

547*1 

433*00 

2-800 

ji 85 

475*3 

8453*2 

0-1708 

90 

543*6 

525*39 

2*334 

• 190 

4717 

9442*7 

01538 

95 

540*0 

633 69 

1*957 

1 ^95 

468 'O 

10,520 

01389 





1 200 

464*3 

11,689 j 

0-1257 

i 


For example, in order to vaporise i gram of water at 50* 
without raising its temperature, 5717 therms must be commu- 
nicated to it. The absolute temperature throughout the opera- 
tion is 273 + 50 = 323. Therefore the increase of entropy 

323 

Now, the entropy of i gram of water at 50*^ == ‘168. There- 
fore the entropy of i gram of saturated steam at 50*^= 177 
+ *168 = 1*938. 

In a similar manner, with the aid of the above table, calculate 
the entrofy of i gram of saturated steam at 25®, 50®, 75®, . . . 
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200®. Plot these values on the B<f> diagram. The curve joining 
the points so obtained is termed the steam line. 

It will be sufficiently obvious from the above reasoning that 



the entropy of 2 grams of a substance at any temperature 
will be twice as great as the entropy of i gram of the sub- 
stance at the same temperature. * 


XVI THE SECOND LAW OF THERMODYNAMICS 363 


Further, during the vaporisation of i gram of water, all 
points on the horizontal line in Fig. 159 passing through the 
temperature at which the vaporisation occurs, will be succes- 
sively attained. Thus when half the water is vaporised, a point 
midway between the water and steam lines will be reached. 
Generally, if the distance between the water and steam lines at 
any temperature is and if the entropy of i gram of 
a mixture of water and saturated steam at the same temperature, 
is represented by a point at a distance x from the steam line, 

then — grams of the water will be in the liquid condition, 
a 

d — X 

and — j — grams will have been converted into saturated 
d 

steam. 

Problem. — Show that if i gram of saturated steam at a temperature 
200“ C. is allowed to expand adial>atically, performing external work 
till its temperature falls to 100® C., then part of the steam will be con- 
densed. Also, find the mass of water thus formed. (Compare with 
Hirn’s experiment, p. 331.) 

An adialmtic, as already explained, is represented by a vertical 
straight line on the 0 <p diagram. The point A (Fig. 159) corresponds 
to I gram of saturated steam at 200”. Draw the line AB parallel to 
the axis of temperatures. Then AB is an adiabatic or isentropic line. 
The point B on this line, corresponding to a temperature of 100° C., is 
seen to be situated between the steam and water lines, and therefore, as 
already explained, corresponds to a mixture of water and saturated 
steam. 

Also, horizontal distance from B to steam line = x = *22 entropy 
scale divisions. 

Horizontal distance between water line and steam line at 100* d — 
I *44 entropy scale divisions. 

*22 

Steam condensed = — ; — = *15 grams. 

I '44 

If the above problem had been given in terms of saturated 
steam at certain pressures, the corresponding temperatures 
could have been obtained from the table on p. 361, and the 
above procedure followed. 

Dissipation and Degradation of Energy.— The first 
law of .thermodynamics is a particular application of the more 
general law of the Conservation of Energy. According 
to this letter law, the total amount of energy in the universe 
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remains constant, whatever changes may take place in its dis- 
tribution. The first law of thermodynamics simply states that 
if mechanical energy is transformed into heat, the mechani- 
cal energy used up is equivalent to the heat produced. Or, 
in the converse case, where heat is used up in performing 
work, the heat which disappears is equivalent to the work 
performed. 

On the other hand, the second lawof thermodynamics states 
that work can only be performed by a heat engine when heat 
passes from a body at a high, to another at a lower temperature. 

Hence the conversion of heat into mechanical work must 
always tend to lower the temperature of the source, and raise 
the temperature of the condenser of an engine. 

If the universe were at a constant temperature throughout, 
its heat could not by any known process be converted into 
work. For this latter purpose, we must have a source of heat 
at a high temperature and a condenser at a lower temperature. 

Now all the activities at work throughout the universe tend 
to the final equalisation of temperature. Hence these activities 
tend to bring about a state of things in which further conversion 
of heat into work will be impossible. 

The result of this is, that though the amount of energy in the 
universe cannot increase or decrease, that proportion of this 
energy which can be used for mechanical purposes is continually 
decreasing. 

This may also be seen if we consider the case of two 
large reservoirs of water at different levels. Water may be 
allowed to flow from the reservoir at the higher to that at the 
lower level, and work may be performed if we constrain this 
water to drive turbines or mill-wheels. But the difference in 
level of the surfaces of the water in the two reservoirs will con- 
tinually diminish, so that a state will finally be reached in which 
no further work can be obtained from the system. 

Intrinsic Energy. — Let us suppose the condition of a 
substance is represented by the point A, Fig. i6o. If this sub- 
stance were enclosed in a vessel the walls of which are perfect 
non-conductors of heat, and if the volume of the vessel could be 
indefinitely increased, then by suitably varying the external 
pressure, the substance could be permitted to expand adiabati- 
cally along the curve ABC, till the absolute zero isothermal was 
reached. The external work performed in the expansion would 
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be equal to the area bounded by the line AD, together with the 
curve ABC and the line DE, produced till they meet. 

But at the absolute zero, the substance would possess no heat,' 
and therefore no energy. All of the energy possessed by the 
substance at A would 
have been converted 
into work during the 
expansion. Therefore 
the area bound by AD 
together with the curve 
ABC and the line DE 
produced till they 
meet, represents the 
work which could be 
performed by the sub- 
stance without receiv- 
ing energy from with- 
out. Hence the area 
ABC .... EDA is said to be equal to the intrinsic energy of 
the substance. In the case of a perfect gas, it may be shown 
that the intrinsic energy is independent of the pressure of the gas. 

Summary to Chapter XVI. 

Cyclical Operations. — When, after any changes have been pro- 
duced in a substance, that substance is brought back to its initial 
condition, a cycle of operations is said to have been performed. 

Reversible Cycles. — If a substance can be caused to traverse a 
cycle in opposite directions, and the thermal actions at all points are 
reversed when the direction of traversing the cycle is reversed, the cycle 
is said to be reversible. In a reversible cycle, if heat is generated in 
traversing one part of the cycle in one direction, an equal quantity of 
heat must be absorbed in traversing that part of the cycle in a reverse 
direction. 

Friction renders a cycle irreversible, since heat is produced by 
friction in whichever directicn the cycle is traversed. 

A simple cycle consists of two isothermal and two adiabatic 
transformations. When heat is absorbed at the higher temperature, and 
rejected at the lower temperature, the cycle is traversed in the direction 
in which the hands of a clock revolve, and a net amount of external 
work, equal to the area of the cycle (if pressures and volumes are 
measured in dynes and c.cs. respectively) is performed. This is said 
to be a direct cycle. 



Fig. 160. — Graphic representation of the intrinsic 
energy of a substance. 
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In a reversed cycle heat is absorbed at the lower, and given out 
at the higher temperature. The cycle is then traversed in a direction 
opposite to that in which the hands of a clock revolve, and an amount of 
work equal to the area of the cycle must be performed by external agency. 

In both direct and reversed cycles the work performed is equal 
to the difference between the heat absorbed and that given out. This 
follows from the first law of thermodynamics. 

The Second Law of Thermodynamics. — “ It is impossible for 
a self-acting machine^ uttaided by any external agency ^ to convey heat 
from a body at a Iotv to one at a higher temperature ; or heat cannot oj 
itself (i.e.y without the performance of work by some external agency) pass 
from a cold to a warmer body I' — Clausius. 

“ It is impossible by means of inanimate material agency to derive 
mechanical effect from any portion of matter by cooling it below the 
temperature of the coldest of surrounding objects — (Lord Kelvin.) 

InClausius’s form of the second law, attention is directed to the con- 
ditions necessary for the transference of heat from one body to another. 

In Lord Kelvin’s form of the second law, attention is directed 
to the conditions necessary for the transformation of heat into work. 
Both forms of the second law are, however, equivalent. 

It must be particularly remembered that the second law of fhermo- 
dyrmmics applies only to cyclical operations. 

The efficiency of a heat engine is equal to the proportion of the total 
heat absorbed at the higher temperature, which is converted into external 
work whilst a direct cycle is being traversed. 

Carnot’s Theorem. — All reversible heat engines possess the same 
efjciency when absorbing and rejecting heat at the same two 
temperatures. 

Lord Kelvin’s Absolute Scale of Temperature. — Two iso- 
thermals corresponding to arbitrary but definite temperatures having 
been obtained, two adiabatics are drawn, so that a portion of the p.v. 
diagram is completely inclosed. The inclosed area is divided into a 
convenient number of equal elements of area by means of isothermal 
lines. 

Temperatures corresponding to these isothermals are then 
numbered consecutively. 

The efficiency of a reversible heat engine absorbing a quantity 
Qi of heat at a temperature and rejecting a quantity Qj of heat 
at a temperature is expressed by the relation 

-2Lr5« =a == Tizi 

Qi ’ 

where Ti and Ta denote the temperatures, measured on the perfect gas 
thermometer, which correspond to $i and $2 on Lord Kelvin’s lieale. 
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Entropy. — In passing along an isothermal from one adiabatic to 
another, a certain amount of heat is absorbed or rejected. If the value 
of this quantity of heat is divided by the absolute temperature corre- 
sponding to the isothermal traversed, the result will be the same what- 
ever isothermal is chosen, and is termed change of entropy. This gives 
us a convenient method of distinguishing between different adiabatics, 
just as different isothermais are distinguished by their temperatures. 

Questions on Chapter XVI. 

(1) A cylinder of compressed air bursts. The gas is cooled below 
the coldest ot surrounding objects, and external work is done. How do 
you reconcile these facts with the axiom on which the second law of 
thermodynamics is based ? 

(2) Write a short essay on the validity of the second law of thermo- 
dynamics. 

(3) Show that the greatest possible efficiency would be attained by a 
steam engine, if its working substance could be made to pass through a 
completely reversible cycle and heat was absorbed only at one tem- 
perature, and rejected only at one other temperature. 

(4) Give an account of the doctrine of the dissipation of energy. 

(5) Assuming that no thermal engine can be more efficient than one 
which works between the same temperatures in a simple reversible 
cycle, explain the construction of the scale of absolute temperatures. 

(6) Assuming that all reversible engines going round a Carnot’s cycle 
between two given temperatures are equally efficient, show how a work 
scale of temperature may be devised which is independent of any par- 
ticular material used, and show, by taking a gas round a small cycle, 
that the gas scale nearly agrees with the work scale. 

(7) What do you understand exactly by the efficiency of a steam 
engine ? What is the theoretical efficiency of a steam engine whose 
boiler is at 1 50“ C. and its condenser at 40° ? 

(8) A heat engine works between the temperatures 127® and 52® C. 
It is found that only one-third of the largest amount of heat that could 
possibly be utilised is actually converted into useful work. What 
f^raction of the total amount of heat supplied is usefully employed? 

(9) Enunciate the axiom on which the second law of thermodynamics 
rests, and show how to deduce from it a proof of the fact that the 
efficiency of a simple reversible cycle is a maximum. 



CHAPTER XVII 

APPLICATIONS OF CARNOTs THEOREM 

External and Internal Latent Heats.— As a general 
rule, a considerable change of volume occurs whilst a substance 
is changing its state. This is very noticeable in the case of the 

conversion of water into 
steam at the same tempera- 
ture. Thus at atmospheric 
pressure, one volume of 
writer at loo^ C. is con- 
verted into 1,647 volumes 
of saturated steam at the 
same temperature. During 
such a process external 
work is performed, and the 
total heat absorbed (/.c., 
the latent heat of the sub- 

Fig. t6i. — Work performed during vaporisa* Stance) is CC|Ual tO the SUm 
tion of water. of the increase in the in- 

trinsic energy of the sub- 
stance (sometimes called the “tnie latent heat ”), and the external 
work performed. This latter quantity is called the “external 
latent heat.” 

Let ABCD represent the 100“ C. isothermal for one gram of water 
and steam. Let us suppose that the water h inclosed in a cylinder 
provided with conducting walls. At the point B it entirely fills this 
cylinder. Along the line BC the pressure remains con.stant, but 
as the water is converted into steam the volume increases from OB' 
to OC'. Hence the piston is forced outwards against the atmospheric 
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pressure, and an amount of external work equal to the area BCC'B' is 
performed. 

The latent heat of steam at 100“ C. — 537 therms per gram. 

Work performed during expansion from i c.c. to 1,647 c.cs. = W 
= atmospheric pressure (in dynes) x increase of volume (in c.cs.) 

= 76 ’o X 13*6 X 981 X 1,646 = 1-67 X 10* ergs. 


Heat used up in performing external work = 


W 


1*67 X 10* 


= 39 '7 therms. 


4*2 X 16^ 

. * . External latent heat of water boiling under atmospheric pressure 
= 39*7 therms per gram. 

Internal latent heat of water at 100“ = 537 - 397 = 497*3 therms 
per gram. 

Similar reasoning will apply to the passage from the solid to the 
liquid state, though here, in 
the case of water, a contrac- 
tion occurs, so that the ex- 
ternal latent heat is negative. 

The volume change associ- 
ated with the jmssage from 
the solid to the liquid state 
is generally small in compari- 
son with that which occurs 
during the conversion of a 
liquid into vaix>ur. 

To Calculate the 
Depression of the 
Boiling^ Point pro- 
duced by a given 
Diminution of Pres- 
sure. — Let us suppose 
that any quantity of the 
specified substance is en- 
closed in the cylinder of 
an ideal heat engine, such 
as that described on p. 

333. LetABCD, EFGH 

(Fig. 162), be the isothermals of this substance for temperatures 
T and T where dT is small. Along the lines BC and FG 
the substance exists partly in the state of liquid and partly in 
the state of vapour. Hence T is the boiling point of the sub- 

B B 
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Stance, under the pressure p corresponding to the vertical 
height of the line BC above the axis of volume OV. Similarly 
T — is the boiling point under a pressure p — dp^ where dp 
is the vertical distance between the lines BC and FG. 

Let us start with the substance at the temperature T, and in 
the condition represented by the point /3, and perform the 
following operations : — 

1. Place the cylinder on the non-conducting stand, and allow 
its contents to expand adiabatically till the temperature falls to 
T — dT. The point y is thus reached. 

2. Place the cylinder on a conducting stand maintained at 
the constant temperature T -dT^ and compress the substance 
isothermally till any point 5, not far removed from y on the line 
FG, is reached. Let be the heat given up during this process. 

3. Place the cylinder on the non-conducting stand, and com- 
press the substance adiabatically till its temperature rises to T. 
The condition now attained corresponds to the point a. 

4. Place the cylinder on a conducting stand maintained at 
the constant temperature T, and allow the substance to expand 
isothermally, till its original condition is reached. Let Qi be 
the heat absorbed during this process. 

We have thus performed a cycle of operations. This cycle is 
reversible, since it is obvious that it could have been traversed in 
the sense /3a^y^, subject to the conditions prescribed on p. 335. 

In the direct cycle, we have the following relations ; — 

External work performed during the cycle = area a^y^ 
(P- 338). 

Heat converted into work = Qi — Qg = 

— (First law of Thermodynamics.) 

Efficiency of the heat engine, working between temperatures 
TandT-^T* 

Area o/Syd 

J - T-jT^dT) __ dT .. 

Qi “ QI T - .p- • • • U- 

(This relation depends on Carnot’s theorem, together with the 
reasoning employed on pp, 345 to 351. T is the absolute 
temperature measured on a “ perfect gas ” thermometer.) 

!t is not necessary to know the exact form of the adiabatic curves ^ 
and a8. For if a and 0 are close together, we may safely assume that 
a< will be approximately parallel to 0 y, Also, o/S is parallel to ty. 
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Therefore, the area of the parallelogram a$yB = a/S x vertical distance 
between afi and 8 y = o/8 x 

But a/8 is equal to the increase in volume l)etween the points a and 
The value of this increase in volume may l>e best olitained from con- 
sidering the mass of liquid which has lx;en va|X)rised. 

Let M lx; the mass of lic^uid va|X)rised lx;tween a and /3. 

Let Vi be the specific volume {i.e., the volume occupied by i 
gram) of the liquid, at a temperature T. 

Let r’g be the specific volume of the saturated vapour at a tempera- 
ture T (p. 254). 

Then a mass m of the substance would occupy a volume mvi in the 
liquid state and in the state of vapour. 

Therefore, since a volume of liquid has lx;en replaced by a volume 
of saturated vapour, the increase in volume ( = o^) = m (z'2-z'i). 

Therefore, 

area a/SyH = m x dp. 

The only other quantity which must be determined is Q,, the heat 
absorbed in passing from a to /3. 

In this case, since part of the substance changes state between a and 
/8, heat will lx; absorbed ( i ) in altering the state of part of the suljstance, 
and (2) in performing external work. 

If Jj = the heat required to vajx>rise I gram of the substance at 
the temperature T, we have 

Qj = ///L. 

Substituting in (i) the values thus found, we get 

f/i (z> 2 -zf^) dp _ iz'i-Vi) dp _ </T 

LJ 

In the alK)ve, dT is the depression of the boiling jx)int produced by a 
diminution of pressure equal to <7/, and this is the quantity we wished 
to determine. 

Application to the case of Water. 

Put dp — \ mm. of mercury = *1 x 13*6 x 981 dynes. 

One gram of water at lOO® C. occupies a volume of i *04 c.c. 

One gram of steam at 100* C. occupies a volume of 1,647 
v,j~Vi — 1,646 nearly. 

. *. T = 273 -h 100 = 373. 

. •. Depression of the boiling point for a decrease of pressure of i mm 

= ,/r = I’M = .0364“ C. 

, 537 X 4*2 X lo^ 

The value obtained by experiment is ‘037’* C 


B B 3 
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To calculate the alteration in the melting point 
produced by a given increase of pressure. 

The form of the isothennals representing the relation l^tween 
pressure, volume, and temperature of a substance during melting 
will be similar to ABCD, EFGH, Fig. 162^ provided an increase 
of volume occurs on melting. (For complete isothermals of 
such a substance, see Fig. 120, p. 237,) 

Let us suppose that a cylinder is filled with a mixture of the 
solid and liquid. Starting with this mixture in the condition re- 
presented by the point jS, we may traverse the cycle as 

already explained, and the formula ultimately obtained, viz. 

dT — T{v 2 ~ v^dp 
LJ ~~ 

will express the depression of the melting point due to a 
decrease of pressure dp. In this case 

L = the latent heat of fusion of the solid. 

v^ — the volume occupied by i gram of the solid. 

V2 — the volume occupied by i gram of the liquid. 

Application to the case of Paraffin Wax. — In the case of 
paraffin wax, a substance which expands on melting, we have the 
following data : — 

L = latent heat of fusion = 35*35 therms per gram. 

- z'l = increase in volume of i gram on fusion = 0*125 c.cs. 

Melting point = C. 

T = 273 + 52*7 = 325*7. 

Take dp = the pressure (in dynes) corresponding to i atmosphere. 
dp = 76*0 X 13*6 X 981 = 1*01 X 10* dynes. 

... .C. 

35’35 ^ 4*27 X 

Hence, according to this calculation, the melting point of 
paraffin wax will be depressed by *027'’ C. due to a diminution 
of pressure amounting to i atmosphere. 

Therefore the melting point of paraffin will be raised by 
•027° C. if the pressure to which it is subjected is increased by 
I atmosphere. 

M. Batelli ^ has found experimentally that the melting point 

I M. Batelli, Journal do Phyoi^uOt tom. vi. o. oo. 
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of paraffin wax is raised by *03® C. when the pressure to which 
it is subjected is increased by i atmosphere. 

Application to the case of Ice. — In this case a contraction 
occurs on melting. Let AB and CD, Fig. 163, represent por- 
tions of the isothermals 
corresponding to the melt- 
ing points of ice under 
pressures of p and p- dp 
dynes. (For complete iso- 
thermals of ice, water, 
and aqueous vapour, see 
Fig. 121, p. 238.) Let AB 
correspond to a tempera- 
ture T„ and CD to a tem- 
perature Tg. We must 
determine whether Tj is 
greater than To, or the 
reverse. 

Let us suppose the cylinder 
of an ideal heat engine to be 
filled with a mixture of ice and water at a temperature Tj, corresponding 
to the melting point of ice when subjected to the pressure p which is 
exerted on the piston. Let the initial condition of the contents of the 
cylinder be represented by the point a, Fig. 163. 

Now perform the following operations : — 

1. Place the cylinder on the non-conducting stand and cause the 
condition cf its contents to change adiabatically till the pressure falls 
to / - dp. Note the temperature Tj attained. An adiabatic, such 
as ajS, is thus traversed. 

2. Place the cylinder on a conducting stand maintained at a tem|)era- 
ture T,. and cause its contents to contract isothernuilly till a mass m 
of ice has been converted into water. During this operation a quantity 
of heat equal to Lm (where L is the latent heat of fusion of ice) will 
have been absorbed at the temperature Tj. The condition of the sub- 
stance will now correspond to the point 7. 

3. Place the cylinder on the non-conducting stand, and cause the 
condition of its contents to change adiabatically till the initial tempera- 
ture T| is attained. An adiabatic 78 will thus be traversed. 

4. Place the cylinder on a conducting stand maintained at the tem- 
perature 'D, and cause the contents to expand isothermally till their 
initial condition, represented by the point a, is attained. In order that 
a mixture of ice uid water should expand, the temperature of the 
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Fig. 163. — Cycle performed to determine ihe 
depression of the freezing point of water 
under increased pressure. 
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mixture meanwhile remaining constant, a quantity of water must be 
converted into ice ; and therefore a quantity of heat, equal to the pro- 
duct of the mass of the water frozen into the latent heat of ice, must 
have been given up. 

We have now performed a cycle oi operations, and that cycle 
is obviously reversible. Hence we may use Carnot’s theorem 
in examining the results obtained. 

Note the following points : — 


A. Since the expansion from 8 to a is performed against a pressure />, 
and the contraction from )8 to 7 was performed under the pressure 
(/ - dp\ we have 

External work j^rformed in expansion from 8 to a = ^ x 8a. 

Work performed by external agency during the 

contraction from /8 to 7 = z{p - dp ) yfi . 

Since 8 and a are supposed to Ixj close together, we may assume 
that the adiabatics a /3 and 87 are parallel. 

. • . 80 = 7)8. 

External work performed by the engine, minus work jicrformed 
on the engine by external agency — p x 8a- - dp) x 7/3 

— p X 7^ - (/ - dp)yp^ = dp X 7/3. 

That is, a net quantity of external work equal to dp x 7/3 has 
been performed during the cycle. 

B. But according to the second law of thermodynamics, 
exteynol work cun only be performed when heut is ubsorbed 
at a high^ and rejected at a lower temperature. 

Iti the present case, heat was absorbed during the passage 
from ^ to 7, at a temperature T2, whilst heat w'as given up during 
the passage from d to a. 

Therefore T2 is greater than Tj ; in other words. 

Ice melts at a higher temperature when subjected 

to a pressure p - dp, than it does when subjected to 
a pressure p. 

We can now apply the relation 


Q2 - Qt _ T. 
Q2 % 


(I) 


where Q2 is the heat absorbed at the higher temperature, Ta and 
Q, is the heat rejected at the lower temperature Tj. * 

By the first law of thermodynamics (Q, - Qj) will be 
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equivalent to the external work performed, i.e.^ to the area 
c^yd = {fp X 

Let »i = the volume occupied by i gram ot ice at T," (absolute). 




= 






99 


99 


99 


water at T,® 

Then, during the pass£^e from $ to y, m grams of ice were melted. 
Therefore, mvi c.cs. of ice were replaced by mv^ c.cs. of water. 

. * . Diminution of volume = length 0y = m {Vi - »j). 

. • . Net external work performed during the complete cycle = area 
of cycle = (vj - Vf)dp. 

... = 

Qj is the heat absorbed during the melting of m grams of ice, and 
is therefore equal to rnh. 


m (V| - v^p 




— v^)t/p _ Tj — Tj 

JL - T, 


from (l) 


But Tj - T| is the elevation of the melting point of ice when the 
pressure is diminished from/ to / - dp. Write T, -Tj = <fT. 

. ^ - vt)dp 

. . ai - 


Note . — In the formula obtained on p. 371, </T represents the 
depression of the boiling point, when the pressure is diminished 
from p top — dp. In that case was greater than 7/|. 

If, however, we suppose that t'l > we shall obtain a nega- 
tive value for rH', />., the boiling point would be raised by a 
decrease of pressure. 

This would agree with the formula just obtained, w^here dT 
represents the elevation of the melting point produced by a 
diminution of pressure dp. 

At o® C. (Tj « 273) I gram of water occupies a volume of 
rocx>ii6 C.CS. = I c.c. roughly. 

.*. Vj =s I c.c. 

At 0° C., I gram of ice occupies a volume of 1*087 c.cs. 

Vi * 1*087 c.cs. 
t/j *“ 087* 

^ L « 80 therms per gram. 

If we take dp « i atmosphere « roi x lep dynes, we find 
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that the temperature at which ice would freeze if exposed to 
zero pressure, is given by 


^ = 273 X •o 87 _x_^^x jo» ^ o c 
8o X 4*27 X lo^ 


Also, the freezing point of water will be lowered by '0070° C. 
for each additional atmosphere of pressure applied to it. 

Dewar found that the freezing point of water was depressed 
by *0072^ C. per atmosphere increase of pressure up to 700 at- 
mospheres. 

Problem . — A 20 horse-power non-condensing engine is supplied with 
steam at a temperature iso^* C., and requires 120 lbs. of coal per hour ; 
a 10 horse-power engine is supplied with steam at a temperature of 
140“ C., and requires 61 lbs. of coal per hour. Taking into considera- 
tion the greatest attainable efficiency of each engine, determine which is 
the most nearly perfect, {B. Sc. {Lend.) Hons.y 1889.) 


Actual efficiency = 


Heat equivalent of work performed 
Total heat supplied 


Maximum efficiency = 



In the 20 horse-power engine, Tj = 273 + 150 = 423 

Tj = 273 + 100 = 373. 


(I) 


(The temperature of the exhaust steam is 100" C., since the engine is 
non-condensing, and thus steam is discharged at atmospheric pressure. ) 


. • . Maximum efficiency of the 20 horse-power engine = 


423 


•I 18. 


42 3 - 373 

423 


Similarly, maximum efficiency of the 10 horse-power engine = 

<«40 . t 273 LJl°g^3) ^ 40 ^ 

140 + 273 413 ’’ 


Let the quantity of heat supplied at the higher temperature = K x 
number of pounds of coal consumed, where K is a constant. 

The 20 horse-power engine performs 20 x 33,coo ft. -lbs. of work 
per minute = 20 x 60 x 33,000 ft. -lbs. of work per hour. 

The 10 horse- power engine performs 10 x 60 x 33,000 ft. -lbs. of 
work per hour. 

Let J = the number of foot-pounds corresponding to or»j unit of 
heat; 
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Then actual efficiency of the 20 horse- power engine 

_ 20 X 60 X 33,000 -r J _ 330,000 
~ k X 120 JK * 

Actual efficiency of the 10 horse-power engine 

_ 10 X 60 X 33,000 -i- J _ 325,000 
~ ■ k X 61 " ~JK 

, • . in the case of the 20 horse-power engine 

330,000 

Actual efficiency __ JK _ 2,800,000 

Maximum efRciency *118 JK 

In the case of the 10 horse-power engine 

325,000 

Actual efficiency __ JK _ 3,350,000 

Maximum efficiency *097 JK 

Therefore the 10 horse-power engine is more nearly perfect than the 
20 horse- power engine. 

Problem . — What is the efficiency of a locomotive engine w’hich 
requires 1,200 lbs. of coal per hour, when drawing a train against fric- 
tional forces, equivalent to the weight of i| tons, at the rate of 40 miles 
per hour ? 

If the engine is non-condensing, what must be the temperature of the 
steam in the boiler,* supposing the construction of the engine to be 
perfect. 

Given . — The combustion of i lb. of coal generates sufficient heat to 
raise the temperature of 15,580 lbs. of water through i® F. The ex- 
penditure of 780 ft. -lbs. of work will raise the temperature of i lb. of 
water through 1“ F. .’.Jr: 780. 

Using the pound, foot, and Fahrenheit degree as units, we have 

Work performed while the engine traverses I mile = Force (in 
pounds) equivalent to i^ tons x distance (in feet) equal to I mile 

= - X 2,240 X 1,760 X 3 = 177 X lo’^ft.-lbs. 

2 

The engine traverses i mile in ~ hour, and consumes = 30 lbs. 

40 40 

of coal in that interval. 

Quantity of heat generated = 15,580 x 30 = 467,400 pound-Fahren- 
heit-d^ee units. 

177 X ipy 

Heat equivalen t to the work performe d __ 780 

Heat supplied by combustion of coal 
s *046, f.e., 4*6 per cent. 
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Since the engine is non-condensing, T^ = 273 + 100 = 373. Let 
Tj be the al»olute temperature of the steam in the boiler. 

Then 

Tj - 373 _ 

Ti 


o ‘046. 


I ~ ^ = 0 046 ^ = I ~ 0 046 = 0*954. 



391 


Temperature of steam in boiler = 391® - 273 = ii8*C. 

For method of determining the absolute zero oj temperature from 
the porous plug experiment y see Appendix y p. 481. 


SU.MMARY TO CHAPTER XVII. 


External Latent Heat. — During a change of state, external work 
must be performed if a change of volume occurs. The heat etjuivalent 
of this work is called the external latent heat of the substance. 

By taking a mixture of w'ater and steam round a Carnot’s Cycle an 
expression can be obtained for the elevation of the lx)iling point, when 
the pressure is increased. 

The Efficiency of a Steam Engine cannot possibly exceed the 
theoretical efficiency of an ideal heat engine traversing a Carnot’s Cycle, 
and absorbing heat at the temperature of the boiler, and rejecting heat 
at the temperature of the condenser. 

Actual Steam Engines always fall short of this theoretical efficiency 
either on account of irreversible thermal effects, or because heat is not 
wholly absorbed at one temperature, and rejected at another temperature. 

Questions on Chapter XVII. 

(1) Describe what effect is produced by pressure in changing the tem- 
perature of the freezing point of water, and state how this change is 
explained on the principles of conservation of energy. 

(2) Discuss the method of calculating the relation between the melt- 
ing point of ice and the pressure. 

(3) The latent heat of steam at too* C. is 536. If a kilogram of 
water, when converted into saturated steam at atmospheric pressure, 
occupies 1*651 cubic metres, calculate the amount of heat spent in 
internal work during the conversion of water at lOO'* C. into steam at 
the same temperature. 

(4) Descril^ and give a general explanation of the thermal effects of 
compressing suddenly (i) a gas, (2) water at a temoemtur^ between o'* 
and 4'” C. 




CHAPTER XVIII 


INTERNAL WORK, AND THE COOLING OF GASES ON FREE 

EXPANSION 

Joule’s Experiment.— In Chap. XIII., when considering 
the results which might be anticipated from the Kinetic 
Theory of gases, the question arose, is internal work per- 
formed during the separation of the molecules which occurs 
during the expansion of a gas ? An experiment of Joule’s was 
then described ; in this, a quantity of gas contained in a 
vessel under high pressure, was allowed to expand into another 
vessel which had been exhausted. Both vessels were, in the 
first experiment, surrounded by water contained in the same 
calorimeter. 

In this experiment, no external work was performed by 
the gas during expansion. The gas expanding in one vessel 
compresses the gas contain^ in the other vessel. Thus, 
a cooling effect might be anticipated in the first vessel, and 
a heating effect in the second one. At the end of the 
experiment the gas occupied a greater V'olume than at first ; 
and if, after stirring the water in the calorimeter, its final 
temperature is found to be unchanged, we must conclude that 
no appreciable amount of work has been performed during the 
separation of the molecules ; or, in other words, that the average 
attraction or repulsion exerted by one molecule on another is 
very small. 

Joule’s experiment led to the result just stated. It must, 
however, be remembered that if a small heating or cooling, say 
through a fraction of a degree, does really occur when a gas 
expands without doing external work, the quantity of heat 
given *out (or absorbed) will be so small that little change 
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will be produced in surrounding bodies. Hence, Joule^s 
experiment must only be taken as proving that no heating or 
cooling effect of any considerable magnitude occurs during the 
free expansion of the ordinary gases. 

The weak point in Joule’s experiment was unquestionably the 
use of water to indicate, by its change of temperature, whether 
heat disappeared or was generated in the expanding gas. The 
specific heat of air at constant volume, according to Joly, is 
equal to *1721 therms per gram. Now a gram of air, at 

C. and under atmospheric pressure, will occupy a volume of 
773*4 c.cs. The heat required to raise the temperature of this 
volume of air through 1° C., if abstracted from a gram of water, 
would only cool the latter through *17' C. Thus, though Joule’s 
thermometer was capable of indicating a difference of tempera- 
ture of 2^5° F. C.) it is obvious that no heating or cooling 
effect, unless of a considerable magnitude, could possibly have 
been detected by the method he employed. 

Investigation of Joule and Lord Kelvin.— Thermo- 
dynamical considerations lead to the conclusion that whereas 
there should be no heating or cooling of a perfect gas on free 
expansion, gases which do not obey Boyle’s Law should exhibit 
a small thermal change under the same conditions. Lord 
Kelvin and Joule therefore determined to investigate the 
phenomena attending the free expansion of gases, using a 
method in which the temperature of the gases could be directly 
measured. 

Before describing the actual experiment performed by Joule 
and Lord Kelvin, we will consider an ideal arrangement 
illustrating the character of the process employed. 

Let us suppose that we are provided with a long cylinder CD, 
fitted with two air-tight and frictionless pistons, A and B, and 
possessing a diaphragm E pierced by a small aperture. 



Fig. 164.— Gas forced through narrow orifice under pressure. 


Let US suppose that the piston B is initially pressed close up to the 
diaphragm £, whilst a certain quantity (say i gram) of compressed 
gas, at a pressure /], is introduced into the part of the cylinder l^tween 
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A and E. We must further assume that the walls of the cylinder are 
perfect non-conductors of heat. Thus, if T is the initial temperature of 
the gas, any departure from this value can only be produced 1^ the 
performance of work on or by the air, and not by the direct trans- 
ference of heat. 

Now let the motion of the piston B be opposed by a uniform 
force bV 

Let a be the area of either piston. Then the piston B will move 
outward uniformly when the pressure of the gas between E and B has 
attained such a value that 

— Fj. 

Also let the force, tending from the first to force the piston A in- 
wards, be denoted by Fj. Then, as the gas passes through the orifice 
in E, so as to press the piston B forwards, the piston A will move 
inwards towards E at such a rate that the pressure p-^ of the air between 
A and E remains constant. Then 

pya = 1 1 . 

Let us suppose that the gas initially contained in AE occupied a 
volume r'l. Also let Xy denote the distance between the piston A and 
the diaphragm E at the commencement of the e-xperiment. Then 

aXy = Vy. 

When the piston A has moved up to the diaphragm E, the whole 
of the air will have been forced from the compartment AE into the 
compartment EB of the cylinder. Let be the volume occupied 
by the air in EB, and let x^ be the distance through which the piston B 
has meanwhile moved, from its initial position immediately against the 
diaphragm E, Then 

No heat can enter or leave the cylinder, so that any change in 
the energy of the contained gas must be due to the performance of work 
on or by it. 

Let E, be the internal energy possessed by the gas when in AE, and 
let Ej be the internal energy possessed by it in EB, 

The work performed by external agency opi the gas is equal to the 
product of the force F^ into the distance Xy through which it has 
acted. 

. ’ . Work performed on the gas 

:=^TyP^Xy=PyaXy-pyVy, 

The work performed by the gas is equal to the product of the force 
resisting the motion of the piston B F^) into the distance Xj 
through which that force has been overcome. 
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. • . Work performed by the gas 

= F, X - p^v^. 

The difference, - E| l>etween the final and initial energies of the 
gas, must be equal to the difference between the work pertormed on 
the gas, and that performed ^ it. 

• * • ^1^1 P'iPi ~ ~ Ej. 

Now, the energy possessed by the molecules of the gas may be partly 
kinetic and partly potential- The kinetic energy we have learnt to 
associate with heat ; the potential energy will depend on the relative 
mean positions of the molecules, supposing that attractive or repulsive 
forces are exerted between them. 

We can now consider the following cases : — 

I. the gas obeys Boyle’s Law). 

In this case E^ = E2. If there is any attractive force exerted 
between neighbouring molecules, this force must have been 
overcome during the expansion of the gas, and consequently the 
potential energy of the molecules must be greater in the final 
than in the initial condition. 

But the total energy has the same value in both cases. 
Therefore the kinetic energy of the gas is smaller in the final 
than in the initial condition. In other words, the gas will be 
cooled during the process described above. 

If repulsive forces are exerted between neighbouring mole- 
cules, the potential energy of the molecules will be diminished 
during expansion, and consequently their kinetic energy will 
increase. In other words, the gas will be heated during the 
process described above. 

II. p^x < Pi^v this case the product of the pressure and 
volume of the gas decreases as the pressure is increased. This 
condition generally holds during the initial stages of the compres- 
sion of a gas. Hydrogen is, however, an exception {see p. 204). 

Since 

pxPx - = E3 - Ej 

Eg - El = some negative value = - { (say) 

Eg = E, - { 

that is, the energy possessed by the gas is less in the final than 
in the initial condition. 

Therefore, if no forces are exerted between neighbouring 
molecules, a slight cooling effect will be produced. 

If molecular attractions are exerted, a still greater cooling 
will result* 
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If molecular repulsions are exerted, the cooling due to the 
divergence from Boyle’s Law may be partially or entirely com- 
pensated for, or a heating effect may be produced. 

III. piT/i this case the product of the pressure 

and volume of the gas increases as the pressure is increased. 
Regnault and Amagat found this to be the case with hydrogen, 
and Amagat showed that it is also the case with most gases, 
when subjected to very high pressures. 

Since - />^V2 = Eg - E, 

Ej - El = some positive value = + { (say) 

. ‘ . Ej = El -f- f. 

A heating effect will be produced if no molecular forces are 
exerted. This heating effect will be enhanced if molecular re- 
pulsions exist. If molecular attractions exist, a smaller heating 
effect or even a cooling effect, may be produced. 

Modifications of the above Ideal Arrangement. — 
Returning to Fig 164, it may easily be understood that in the 
neighbourhood of the orifice in E the gas will form eddies. 
But any motion of finite portions of the gas will entail a 
diminution in the energy of molecular motion. Thus, near the 
orifice in F the gas will be colder than at points further re- 
moved, where the gas has been brought to rest by internal 
friction. Consequently, in performing an experiment such as 
that just described, care must be taken that the temperature of 
the gas is measured at a point where eddies have ceased to exist. 

Further, the piston B may be dispensed with. It serves to 
divide the gas from the surrounding atmosphere ; but if it is 
removed, the atmosphere will be forced back in an essentially 
similar manner ; the pressure t>e equal to the 

atmospheric pressure. 

Care must be taken that the jet of air issuing from the orifice 
in E does not produce any sound, as this would involve a loss 
of energy. 

Instead of forcing the piston A along the cylinder, the end C 
of the latter may be connected to a pump, provided the action 
of the latter is such that the pressure of the gas, at all points to 
the left of the diaphragm E, is maintained constant. The 
essential point in the arrangement is that no change shall take 
place in the compressed gas till it passes through the orifice in E. 
Thus, the gas between E and the pump must be maintained at a 
constant temperature and pressure, and must serve to transmit 
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the pressure, exerted by the pump, to the gas issuing through 
the orifice in E. 

The Porous Plug Experiment. —We are now in a 
position to appreciate the experimental arrangement used by 
Joule and Lord Kelvin. 

To avoid the production of eddy currents in the gas, a plug 
of cotton-wool A, Fig. 165, was substituted for the pierced 

diaphragm E, Fig. 164. 
By this means a large 
number of very small 
orifices was obtained, in 
place of the single ori- 
fice previously considered. 
The cotton-wool was held 
in position by two metal 
discs pierced with many 
holes ; these discs are 
indicated by dotted lines 
in the figure. To avoid 
loss or gain of heat in the 
neighbourhood of the 
plug, the latter was en- 
closed in a hollow box- 
wood cylinder BC, which 
in its turn was surrounded 
by cotton-wool packed in 
a metal vessel D. The 
gas was conveyed to the 
plug by means of a metal 
tube E which formed the 
end of a long spiral tube, immersed in a water bath. A delicate 
thermometer was placed so that its bulb was immediately above 
the plug, and in order that Jhe thermometer might be read, a 
glass tube F was used to convey the gas away. 

The whole of the experimental arrangement is represented 
diagrammatically in Fig. 166. The gas was compressed by a 
pump P, and then caused to traverse two long copper spirals 
immersed in water baths. These baths were kept well stirred, 
and their temperatures were maintained constant throughout 
the experiment. During the time that the gas was beij^g com- 
pressed in P, heat was produced, and the object of the baths 



Fig. 165. — Joule and Kelvin’s porous plug 
experiment. 
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was to keep the temperature of the gas as constant as possible. 
The part of the apparatus containing the cotton- wool plug is 
represented at A, Fig. 166. 

Besvilt of Joule and Kelvin’s Experiment.— It was 

found that air, oxygen, nitrogen, and carbon dioxide were all 
cooled by expansion ; f.c., after passing through the cotton-wool 
plug all of these gases were at lower temperatures than pre- 
viously. i'he cooling 
was most noticeable 
in the case of carbon 
dioxide, the least 
perfect of the above 
gases. In the case of 
hydrogen, a small 
heating effect was 
observed. 




Fio. 166. - Joule and Kelvin’s porous plug experiment. 


In all cases the thermal effect produced was proportional to 
the difference between the pressures on the two sides of the plug. 
At high temperatures the cooling effect was less than at low 
temperatures. Its actual magnitude varied inversely as the 
square of the absolute temperature of the gas. 

The following table embodies the results of Joule and Kelvin’s 
experiments on air. It shows the value of the fall of tempera- 
ture produced by free expansion, when the difference in pressure 
on the two sides of the plug is i atmosphere. 

Air. 


Mean Temperature 
during 
Experiment. 

No. of Experiments. 

Fall in Temperature on Free Ex- 
pansion^ for a difference of pressure 
of X atmosphere. 

f c. 

8 

0*263“ c. 

26 „ 

2 

0*229 »» 

50 .. 

6 

0*209 M 

93 #» 

6 

o-isa 


c c 
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Hydrogen. — In the case of hydrogen, a rise of temperature 
amounting to 0 039^ C. per atmosphere difference of pressure 
on the two sides of the plug, was found to result. 

Carbon Dioxide : 


Mean Temperature. 

No. of Experiments. 

Fall in Temperature on Free Ex- 
pansion, for a difference of pressure 
of I atmosphere. 

8"C. 

2 

1 * 233 '' C. 

36 .. 

I 

1*022 ,, 

54 „ 

1 

0*885 ». 

9 ^ >> 

2 

0 645 „ 


Thus, if we let b be understood to denote the thermal effect 
experienced by a gas when ■ it is allowed to expand without 
doing external work, we see that b is negative for air and 
carbon dioxide, and positive for hydrogen. 

Conclusions. — The conclusions reached as a result of these 
experiments are : — 

(1) That at ordinary temperatures, neighbouring molecules 
of air, nitrogen, oxygen, and carbon dioxide exert a small but 
appreciable attractive force on each other. 

(2) As the temperature of a gas rises, the ratio of the poten- 
tial to the kinetic energy of a molecule becomes smaller. This 
might have been anticipated, since at the same pressure, the 
mean distance between neighbouring molecules will increase 
with the temperature. 

(3) The small heating effect noticed in the case of hydrogen 
may be due to the repulsion of its constituent molecules, or to 
some other cause as yet undetermined. 

Dr. Linde’s Apparatus for Liquefying Air.— We 
have seen above that when air issues from a small orifice, 
it experiences a fall in temperature amounting to about 
a quarter of a degree Centigrade for each atmosphere of differ- 
ence in pressure between the two sides of the orifice. At first 
sight this small drop in temperature would not appear capable 
of utilisation in the attainment of very low temperatures 
"■ 200® C.). But methods based on the use of this fall 
in temperature possess the advantage that they can bo^ rendered 
continuous. 



xviu COOLING OF GASES ON FKEE EXPANSION 387 


Fig. 167^ shows^ in its simplest form, the arrangement adopted 
by Or. Linde for this purpose. 

Air is compressed in the l>ump P, and passes, by way of the 
tube MJB, through the water cooler KL. The heat generated 
(luring the compression of the air in the pump is thus removed, 
'fhe compressed air then passes along the tube BC, and iltence 
through the central tul>e of the “interchanger” CUE. 
compressed air llien escapes through the small orifice of the 



Fi»;, i6-;. — 1 -inde's sxpiMiratiis iW liquefying .'iir. (Early fonm.) 

throttle valve R, into tlie vessel T. At this point a fall in 
temperature is exfKn ienccd, and the air thus cooled passes back 
to the pump lli rough the space Ix^lween the central and outer 
lubes of the intcrchanger, and the tube CG. 'Phus, heat is 
abstracted from the air approaching the throttle valve, by the 
air whicli has previously been cooled there. Consequently the 
compressed air arriving at the throttle valve attains lower and 
lower temperatures as the pump is worked. 

In May, 1895, after the pump had been working for fifteen 
Inntrs, I>r. Linde was able to liquefy air by this mctluKl, no 
pievious cooling having been employed. 

Fig. 168 represents a rather more elaborate apparatus ; the 
principle of the action is, however, the same. 

Compressed air is delivered by the pump by way of the 
and the refrigerator /f, central tube at the U»p of 

* M4^thijd of Exirt'me C«ld and I,Kiuefymu Air." By .Prof. 

J. A. Ewing, «5W*. Marrh ti, 


C C 3 
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the spiml interchanger. A mixture of ice and salt is used in 
the refrigerator 

The compressed air then passes down through ,the central 
tube of the interchanger. All of the air passes through the 
throttle valve a, where the pressure drops from about 200 to 1 6 
atmospheres ; about ^ of this air subsequently passes through the 
throttle valve where the pressure drops to a little more than an 
atmosphere. The remaining |ths of the air passes back between 



Fig. t68. — Linde’s apparatus for liquefying air. (Later form.) 


the central and the second tube of the interchanger, which, as 
shown in the figure, comprises three concentric tubes. It is 
finally brought back to the pump by the tube p^. 

The air which has passed through the valve b passes into the 
vessel r, provided with a vacuum jacket. Part of this air is 
here liquefied, and the rest passes back between tho second 
and outer tube of the interchanger, and escapes at k into the 
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atmosphere. The space surrounding the interchanger is packed 
loosely with raw sheep’s wool. 

The pump e is used to compress air, obtained from the 
atmosphere, to 16 atmospheres, when it is delivered, together 
with the air returning by the tube ^j, to the pump whence it 
is caused to circulate as described. 

Liquid air may be drawn oft from the tap h. The machine 
represented in Fig. 168 is worked by a 3 horse-power engine, 
and produces a continuous supply of o’9 litre of liquid air per 
hour. Fifteen cubic metres of air at 200 atmospheres are kept 
in constant circulation, and about 3 cubic metres are pumped 
in from outside in the same interval. 

Further improvements have been made in this class of 
apparatus by Prof. Dewar and by Dr. W. Harnpson. Liquid 
air can be obtained in a space of time as short as sixteen 
minutes, even when no previous cooling has been performed. 
If the air is first cooled by carbonic acid snow, liquid air may be 
ol)tained in two minutes. 

Simple Method of Liquefying Oxygen.— When com- 
menting on Dr. Linde’s apparatus, after Prof. Ewing’s lec- 
ture at the Society of Arts, Prof Dewar* said: — “In order 
to get a small quantity of liquid air, all that was needed was 
to buy a bottle of compressed air at 200 atmospheres, take 
a small coil of copper pipe and put it into a vacuum vessel. By 
the use of a solid carbonic acid, it could be cooled to — 8o' C. ; 
then expanding it through a small coil with a pin nozzle. 8oc.es. 
of liquid air could easily be collected in twelve minutes, and 
after the nozzle had got cold, in half that time you could go 
on collecting from every 25 cubic feet that you expanded, prac- 
tically, the same amount.” 

Liquefaction of Hydrogen. — This has been accom- 
plished by Prof Dewar. Hydrogen \vas first cooled as much 
as possible by liquid carbon dioxide and liquid ethylene, and 
was then allowed to expand at a pin-hole nozzle at the end of a 
long coil of copper tube. The extra cooling produced by free 
expansion was utilised in cooling the unexpanded gas, and 
liquid hydrogen was finally obtained. This experiment is of 
much interest, as it shows that when hydrogen at a very low 
temperature is allowed to expand without performing work, 
cooling »s produced. (C/. Joule and Kelvin’s result, p. 386.) 

I Joum. Soc, ArtSf March ii, 1898, p. 383. 
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Unfounded Claims as to the Production and Utilisation of 
Liquid Air. — The daily papers have recently contained accounts of 
certain so-called discoveries and inventions hailing from America. For 
example, it has been stated that with a particular form of machine, 
three gallons of liquid air may Ije caused, without external assistance, 
to produce ten gallons of liquid air. According to this report, air is 
capable of liquefying itself. This would be a direct violation of the 
Second Law of Thermodynamics, which^ states that heat cannot l^e 
abstracted from the coldest of a series of bodies, unless work is per- 
formed by some external agency (see p. 366). 

Liquid air may be produced at a price of lor/. a cubic foot or id. per 
lb. This liquid may Ije allowed to evaporate, and thus to j>erform 
work ; but the energy so obtained would be about 200 times dearer than 
it would have been if an ordinary steam engine had been used. 

Free Expansion of High Pressure Steam.— It is a 
curious fact that high pressure steam escaping from a small 
orifice will not burn the hand, whilst low pressure steam, which 
is at a lower temperature, will inflict serious injury to the skin. 

In explaining this fact, it must be remembered that the cause 
of the injury inflicted by steam is to be traced to the great 
amount of heat rendered up by that substance during condensa- 
tion. In cooling from ioi°C.to loo' C. (without condensation), the 
heat rendered up by steam w'ould be comparable with that given 
up by air during a similar fall of temperature, and this would do 
no damage to the skin. Hence, as long as steam remains dry^ 
and does not condense on the skin, no bum will result. Now, 
steam saturated at 100'^ C. will readily condense, and thus pro- 
duce burns. 

On the other hand, saturated steam, under a high pressure, 
will be at a considerably higher temperature than 100" C. In 
issuing from a small orifice, the work of pressing the atmosphere 
back is performed by the steam still in the boiler. (Compare 
with the explanation of Joule and Kelvin’s experiment, p .383.) 

The steam is set in violent motion on issuing from the orifice, 
and consequently a cooling will occur. But this steam is quickly 
brought to rest by friction with the surrounding air, and the 
heat previously lost is thus regained. Consequently the steam 
after issuing from the orifice will be at the same temperature as 
the steam in the boiler, except for the small cooling which takes 
place on free expansion. It will therefore be unsatur^ted, an4 
in a perfectly dry condition. In fact, supposing the condition 
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of the steam before issuing into the air to be represented by the 
extreme point to the right of the straight portion of the iso- 
thermal ( Fig. 97, p. 208), its 6nal condition, corresponding to a 
smaller pressure, will be represented by a point on the unsatu- 
rated vapour isothermal for the same temperature. 

When saturated steam performs external work during expan- 
sion, part of the steam Is condensed ; this was the case with 
the steam in Hirn’s experiment (p. 331). In escaping into the 
atmospheres from a small orifice, no external work is per- 
formed dy ihe escaping steam, hence condensation do<is not 
take place. 

For ihe detcrininatioii of the absolute zero of temperature by 
the aid of data supplied by the porous plug experiment, see 
p, 48 1 . 

Summary. 

In Joule’s Experiment on the internal work performed by an 
expanding gas, the thermal capacities of the water and the gas were so 
unequal that great accuracy could not be anticipated. 

Joule and Lord Kelvin subsequently investigated the same point 
by forcing the gas through a plug of cotton-wool and determining the 
consetpient change of temperature of the gas. In this case, the work 
of overcoming the pressure of the atmosphere is j^rforracd by the 
engine, and any change of temperature which occurs can only l^e due 
to the performance of internal work during the ex|>ansion. 

As a result it was found that air is cooled during the expansion by 
about ‘25** C. per atmosphere difference of pressure on the two sides of 
the plug. Consequently neighlxniring molecules of air exert a small, 
but appreciable, attractive force on each other. 

The Thermal Effects of Free Expansion are greater at low 
than at high temperatures. At low temperatures the attractive forces 
between neighlx)uring molecules Ijecome more im|x>rtant owing to the 
closer proximity of the molecules. 

In Linde’s Apparatus for liquefying air, the small fall of temper- 
ature due to the free expansion of the gas is utilised. After exjxind- 
ing through a small aperture, the cooled air alistracts heat from 
the air which has not yet expanded. This method is termed sel^ 
wtemive. 

Prof. Dewar has suceeded in liquefying hydrogen by first cooling 
it as much as possible, and then allow’ing it to expand in a manner 
similar to that used by Linde. At high temj')eratures hydrogen is 
heated by free expansion. Dewar’s exjxjriments prove that at low 
temperatures hydrogen is cooled during free expansion. 
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Questions on Chatter XVIII. 

(1) Describe a method of liquefying a refractory gas, 

(2) Give a description of the methods employed in liquefying air or 
some other of the more permanent gases. 

(3) Describe Thomson’s and Joule’s experiments on the internal work 
of an expanding gas, and state the conclusion at which they arrived. 

(4) Write a short essay on the methods of maintaining refractory gases 
in the liquid state for relatively long periods of time, and the uses to 
which they may be put. 

(5) Describe the processes which are necessary to liquefy oxygen. 

(6) Water is forced through a porous plug under a pressure of 
50 kilograms per sq. cm. alx)ve the atmospheric, and emerges with 
negligible velocity at the pressure of the atmosphere. Assuming that 
there is no loss or gain of heat from external sources, find the rise of 
temperature of the water, if 427 metre-kilograms are equivalent to 
f kilc^ram- calorie. 




CHAPTER XIX 


ELECTRICAL INSTRUMENTS 

Construction of a Galvanometer.— A galvanometer is 
aii instmiiu'nt used to measure the strength of electrical currents. 
Sometimes a galvanometer is used only to indicate the existence 
or absence of \ erv small currents. 

For a description of the tangent galvanometer and other 
instruments for measuring the absolute magnitude of currents, 
the student is referred to works on electricity. 

A brief description will here be given of certain sensitive 
i^alvanoinetcrs which are frequently used in experiments con- 
nected with the science of Heat. 

In order to explain tlie nature of these instruments, some pre- 
liminary consideration of the action of electric currents on 
magnets becomes necessary. 

Let us suppose that a conductor, through which an electric 
current is flow'ingin the direction of the arrow, Fig. 169, is placed 



Fig. 169. — Dcflr^ lion of .1 l>y .\n uUttili uunonl. 

above' a pi\ot('(l magnetic nec'ilK', parallel to the' elirce tion 
.S'.V' in which the latter points when aeteel on e)niy by the 
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earth’s magnetism. Then the magnetic needle will move to a 
position S'N'. The deflection of the magnetic needle will be 
increased as the conductor is brought nearer to the needle. 
Ampere’s rule for determining the direction in which the 
respective poles of a magnet will move, when an electric current 
flows through a conductor in its neighbourhood, may be stated 
as follows. 

Imagine a man to be swimming in *the neighbourhood of the 
conductor in the direction pursued by the current. Let him 
turn so as to face the magnetic needle. Then the S pole of 
the latter will be deflected towards his right hand, the N pole 
being deflected towards his left hand. 

If we imagine the conductor shown in Fig. 169 to be placed 
below the needle, the current flowing in the same direction as 

before, then remembering 
that the swimmer will still 



Fig. 170. — Simple astatic galvanometer. 


have his head pointing in the 
same direction, but will now 
be swimming face upwards, it 
can be seen that the needle 
will be deflected in an oppo- 
site direction to that shown 
in the figure. 

If, however, when the con- 
ductor is placed below the 
needle, the current is reversed, 
the deflection of the needle 
will be in the same direction 
as that produced by the origi- 
nal current flowing above the 


needle. 


Let us suppose that we have a piece of copper wire, bent into 
two rectangular loops as shown in Fig. 170. Let a magnetic 
needle SJV be suspended by a fine fibre, so'as to hang between 
and parallel to the planes of the loops. Then if an electric 
current is caused to flow along the wire, it will pursue opposite 
courses in* the conductors above and below the needle. Hence, 
the deflection of the needle, produced by the current flowing 
along the conductors above it, will be increased by the action 
of the current flowing in the reverse direction along th^ conduc- 
tors below it 
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If a second needle, with its poles oppositely directed to 

those of SN^ be attached to the latter in such a position that it 
hangs above the upper conductors, it can be seen that the 
current in the upper conductors will tend to displace this 
needle in the same direction as that in which SN was dis- 
placed. 

Two magnetic needles placed parallel to each other in the 
same plane, and with their poles oppositely directed, are said to 
form an astatic combination. Such a combination will be acted 
on by the earth’s field to only a small extent. When suspended 
between two loops of wire in the manner indicated by Fig. 1 70, a 
current through the latter will produce a much greater deflection 
than if only one needle had been used. 

The Astatic Galvanometer. — If we suppose that the 
two rectangular loops shown in Fig. 170 are replaced by two 
rectangular coils of many 
turns, we shall have a clear 
idea of the nature of Nobili’s 
astatic galvanometer. This 
latter instrument is repre- 
sented in Fig. 1 7 1. The 
upper magnetic needle moves 
over a graduated card, so 
that the deflection of the 
astatic system can be accu- 
rately observed. The ends 
of the wire forming the coils 
are joined to two terminals, 
and the base of the instru- 
ment is provided with level- 
ling screws. A glass shade i7»*—Nobili’s astatic gal\*anometer. 

protects the suspended sys- 
tem from air draughts. It is arranged that the magnetic needles 
hang parallel to the planes of the coils when no current is 
passing through the galvanometer. It may be noticed that 
the longer the pointer which moves over the graduated card is, 
the smaller will be the angular deflection that can be observed. 

The Hefleoting Galvanometer. — If a galvanometer is 
required to indicate very small currents, the suspended system 
must be^made very light. In this case a difficulty arises in 
obtaining a pointer of sufficient length which will yet possess 
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no appreciable mass. This difficulty has been overcome by 
Lord Kelvin, by using a beam of light <'is a jKiintcr. 

Light from an oil lamp passes througli a small aperture, and 
falls on a small silvered mirror attached 'to the suspended 
magnets. The light is thus reflected back, ntid falls on a sc ale 
placed above the aperture tlirougli which the light originally 
tuime, (Fig. J72.) 

Small pieces of magnetised watch spring are used as magnets : 
these are fastened to the back of the small mirror, which in its 
turn is suspended by a fine fibre so as to bang !)etw(;cn the 
coils of the galvanometer. A i>ermanent magnet, supported on 



Fig. 172.— KtrflcciinK galvanometer, with lamp ami scale. 


a vertical pillar fixed to the top of the galvanometer, serves to 
direct the small magnets. 

When a current passes througli the coils, and the magnets, 
together with the attached mirror, arc deflected through a given 
angle, the beam of light reflected from the mirror is deflected 
through twice that angle. 

Tf the distance between the galvanometer and scale is e(|Ufil Irj 
I metre, then a deflectwm of the mirmr .amounting to i" will cause the 
of light on the scale to m<w'c through alxmt 3*5 cms. As a motion 
of the Rprt of light on the scale can lie ol>servcd to within *01 cm., it 
folUrws that a deflectitm of the magnets amounting only to als'* can be 
observed. 

For most practical purposes, the distance through which the 
spot of light moves may be taken as proportional to the current 
flowing through the galvanometer coils. 
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The Sijspended Coil Galvanometer.- -The great 
drawback in the use of galvanoineter-s of the s«spen<letl uiagndt 
type, lies in the fact that if magnets or pieces of iron are brought 
near them, a deflection may be produced. With sensitive 
instrumeiUs of tins type, it is necessary for the experimenter 
to remove all keys, &c., from his pockets, and even when ail 



173. “ Crompton suspended coi! Ratvanometer, 


possible precautions of this kind have been taken, any varia* 
lions in the current carried l>y electric light mains in the 
neighlmurhood of the uistrument will alter the deflection of the 
needle. 

Diflicwlties such as tliose described may be entirely overcome 
by the vi|e of a suspended coil galvanometer. If a coil is bung 
Ijctween the poles of a permanent magnet, the plane of the 
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coil being parallel to the line joiiiing the magnet poles, then a 
current sent through the coil will cause the latter to be deflected, 
just as the needle is in the case of an ordinary galvanometer. 

Fig. 173 represents a suspended coil galvanometer made by 
Messrs. Crompton and Co. In this instrument a coil of fine wire 
is suspended, by the aid of two very thin and narrow metallic 
strips, so that it hangs between the poles of a powerful perma- 
nent magnet. The current is conveyed to and from the coil by 
way of the suspending strips. The strength of the permanent 
magnet is so great that bringing an ordinary magnet near will 
not produce any appreciable effect on the suspended coil 
when carrying a current. Hence magnetic disturbances are 
almost completely done away with in this type of instrument. 

Compaj'ison of Electrical Resistances.— Let us 
suppose that we are provided with three sets of coils, the 

electrical resistances 
of which, A’.,, and 
A’4, can be adjusted 
at will to possess any 
required values. Let 
it be required to de- 
termine the resist- 
ances A*| of some 
other coil. Connect 
the coils together, as 
shown in Fig. 174, 
by means of stout 

Fig. 174. — Diagrammatic representation of Wheat* Strips of COppCr, llbc^ 
stone’s bridge. def^ g/ti\ iinn. Con- 

nect the terminals of 

a cell, K, to the points m and a key, A'l, being included m 
the circuit, so that the current can be interrupted when neces- 
sary. This key will be termed the battery key. 

Connect the points b and h to the terminals of a sensitive 
galvanometer, a key, A'g, being also included in the circuit. 

Then, if the resistances of A3, and A*4, are so adjusted 
that when the keys A\ and are successively depressed no 
deflection is produced in the galvanometer, we have the 
following relation 




^3 



^3 


til 
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Thus, if is known, and the ratio 




is also known, the value 


of A\ can at once be obtained. 

The above arrangement for comparing resistances is generally 
known as Wheatstone’s Bridge. It was really, however, 
invented by Mr. S. Hunter Christie, and the invention was duly 
acknowledged by the late Sir Charles Wheatstone. 

Electrical Methods of Measuring Temperature.— 
A mercury thermometer, as previously pointed out, is unsuitable 
for making measurements of very high temperature. It is 
equally unsuitable for measuring very low temperatures (those 
below - 39^ C., the freezing point of mercury). It is now possible 
to obtain in the laboratory temperatures as low as — 245" C. ; con- 
sequently some method of measuring such low temperatures 
becomes necessary. 

As a matter of fact, a gas thermometer is in all cases used as 
an ultimate standard ; but, as the use of such an instrunient is 
somewhat tedious, besides demanding experimental conditions 
which cannot always be complied with, other methods of 
measuring very low or very high temperatures have been 
invented. The most important of these depend on the utilisa- 
tion of certain electrical phenomena which vary with 
temperature. 

Platinum Besistance Thermometer or Pyrometer. — 


The electrical resistance of a metallic wire varies with its 
temperature ; consequently, we might utilise this property for 
the construction of a thermometer. For, if we calibrate the 
wire by determining its resistance at a sufficiently large number 
of temperatures, we may draw a curve connecting temperature 
and resistance, so that when the wire is observed to have a 
certain electrical resistance, its temperature may at once be 
determined by reference to the curve. In order that this 
process should be practically useful, the following conditions must 
be complied with. 


It is necessary to choose a wire of a material that will not be injured 
by exposure to high temjTeratures. 

The accuracy with which measurements of temj^erature can l>e 
made by measuring the resistance of a wire will depend on the wire 
always possessing the same electrical resistance at any particuh^r 
temperaftire. 

If a very large number of points on the calibration curve need to be 
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obtained experimentallv, the preliminary work in calibrating the wire 
will be much increased. If, on the other hand, it can be proved that 
the relation between temperature and resistance can be expressed by 
some simple and well known curve, it may only bt necessary to deter- 
mine a limited number of points through which the curve may be 
drawn by geometrical or other simple means, thus permitting of a 
great reduction in the work of calibration. 

Sir W. Siemens was the first tb attempt to construct a 
platinum resistance thermometer. It consisted of a platinum 
wire wound round a fire-clay cylinder, the whole being protected 
by a stout wrought iron tube. It was found, however, that after 
having been exposed to high temperatures, the resistance of 
the platinum wire did not return to its initial value. As a 
matter of fact, it appears that the silica in the fire-clay cylinder 
attacked the platinum wire, and thus altered its qualities. 

Lately, Prof. Callendar has taken up the question, with the 
result that he finds that if a coil of pure annealed platinum wire 
be wound on a mica framework, and thoroughly protected from 
the action of injurious gases by means of a hard glass or 
porcelain tube (the choice between these substances being 
determined by the highest temperature to which the completed 
thermometer is to be raised), then the temperature as deduced 
from an observation of the resistance of the wire will seldom be 
in error by more than about j C. The value of this discovery 
may be understood when it is considered that, even with the 
application of the corrections previously discussed (See Chap. 1 1 .) 
it is exceeding difficult, with a mercury thermometer, to 
determine a temperature near 200° C., with no greater error 
than degree ; yet, by the aid of a platinum resistance ther- 
mometer, a temperature up to 500'’ C. may be directly determined 
with no greater error than C. Even up to 1,300" C., a tem- 
perature may be directly determined to within Thus, in 
addition to the far wider range afforded by a platinum resistance 
thermometer, zero errors and a whole host of troublesome 
corrections are entirely done away with. 

Experiment shows that if is the resistance of a piece of pure 
platinum wire at o*C., then the resistance at /“C. may be expressed as 

Rf ~ R^^ I -f- at 

This is an equation including three constants, Ro, and 6 ; the value 
of these can be calculated if the resistance of the wire at any three 
sufficiently remote temperatures is determined. The freezing and boil- 
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ing |x>ints of water afford two convenient temperatures, and the tem- 
perature of sulphur boiling under standard pressure was originally used 
to determine the third point. Sulphur boils at 444*53” C. under standard 
pressure; if the pressure differs from the standard pressure, 0*082“ C. 
mu.st be added for each extra mm. of mercury. 

It has since, however, been shown by Professors Dewar and 
Fleming that the resistances of pure metals, including platinum, 
decrease as - 273“ C. is approached, thus leading to the conclusion 
that at - 273“ C. the resistance of a pure metal would be zero.^ 
It has l>een found that, by the use of this relation, together 
w'ith ol)servations of the resistance at the freezing and boiling 
points of water, a platinum wire may be calibrated with 
sufficient accuracy for all ordinary purposes. 

It will be noticed 
that the relation be- 
tween Rt and t may 
be expressed by a 
particular paralrolic 
curve. The general 
form of this curve may 
l>e seen Iry referring to 
* 75 * The com- 
plete curve for a par- 
ticular wire may be 
quickly plotted by 
means of a continuous 
line by joining a num- 
l)er of points, calcu- 
lated for various values 
<>f t from the equation 
already given. 

Calleiidar’s method of using .a platinum resistance ther- 
mometer is as follows : The thermometer is supplied with two 
exactly similar sets of leads, one set T (Fig. 176), being con- 
nected to the ends of the spiral of fine platinum wire X, while 
the other set C (c.aUed the compensating leads) are joined at 
their ends within the containing tube of the thermometer. The 
Wheatstone’s bridge arrangement comprises two equal con- 
jugate arms P and Q. Of the other two arms, one comprises 
the platinum spiral X, the leads T connected across the ter- 
minals A B, and the right-hand part of a stretched wire F B ; 

1 More accurate results can be obtained by assuming that the electrical lesUtance 
of platinum incomes equal to zero at - 840** C. (Callendar, I'hiL Feb. *899, 

p. ai8.) D D 
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the other arm comprises a set of 
resistance coils R, the compen- 
sating leads C connected across 
E F, and the,, left-hand part of 
the wire F B (compare Fig. 176 
with Fig. 174). Let X represent 
the resistance of the platinum 
spiral,. R that of the resistance 
coils, C and T the resistances 
of the two sets of leads, and 
T-a the resistance of the wire 
F B, while x is the resistance of 
that part of this wire between its 
middle point and the galvanometer 
connection, so that the two parts 
of F B have resistances {a -1- x) and (a — x). 
Then since P and Q are equal, the resistances 
in the other two arms of the bridge must 
be equal when no galvanometer deflection 
is produced ; in these circumstances 

R -f C -f- + .V = X + T H- ^ - .r. 

X The two sets of leads are e.\actly similar, 
being made of the same material and lying 
side by side, so that their temperatures are 
always equal, and therefore C is always 
equal to T. Thus X = R + 2jr. 

Expt. 65. — To Construct and Calibrate a Platinum Resist- 
ance Thermometer. — Select a thin-walled test-tube about 12 cm. in 
length, with an internal diameter of about i cm. Cut a rectangular 
strip of mica about 12 cm. in length, and of a breadth very slightly less 
than the internal diameter of the test-tube, so that it will just fit into the 
centre of the latter and be maintained steady there. Scratch fine lines, at 
intervals of 2 mm., across this strip of mica for a simee of alx)ut 6 cm. 
from one end. Small V-notches must now be cut at the ends of each 
of these lines (Fig. 177). Make four holes through the mica, as shown 
in the figure, driving a needle of a suitable size through it by a tap from 
a hammer. These holes are to hold the ends of the leads in position. 

Take two pieces of copper wire, about 75 mm. in diameter, and solder 
an end of each of two pieces of very fine platinum wire on to one end of 
each of these. Care must be exercised in effecting the soldering, for at 
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a sufficiently high temperature platinum forms an alloy with lead. The 
best way of proceeding is to wind one end of the fine platinum wire 
round the cop|:>er, and having slightly wetted the junction with zinc 
chloride, heat the copjger wire half an inch or so below the place where 
the platinum wire is wound, touching the junction of the wires from 
time to time with a small piece of soft solder. The moment the latter 
melts heating should be discontinued. If the copper wire is clean, and 
if enough zinc chloride has been applied, the solder 
will at once make a good junction lx.*tween the 
platinum and the copper. The joint must directly 
afterwards be well washed with hot water to re- 
move any remaining trace of the zinc chloride. 

The free ends of the copper wires are now 
threaded through the holes in the mica {see 
I'tg. 177 ), the platinum wires being left hanging 
one on either side of the mica. A cork which fits 
the test-tube has a channel cut out on its side, so 
that air can escape from the test-tube when the 
latter is heated. A cut is ma<le in this cork to 
take the upper end of the mica slip, and the free 
ends of the copper wires are threa<led through two 
small holes bored for that purpose. The mica ^ 
slip will now be firmly attached to the cork. Now c 
commence wimling the platinum wire attached to 
the lead C (say) ; this follows the course Q a 6 c d 
. . . and e anti is finally passed through a small 
hole,.^, at the lower end of the mica. The re- 
maining platinum wire is now wound jrarallel to 
the first in the remaining notches, and its end is 
finally twisted up with the wire projecting from 
and the junction soldered by the aid of a solder- g. 
ing bit. The whole may now be enclosed in the 
test-tube, and the neighbouring ends of a twin Fig. r 77 . — Platinum 
flexible cable (such as used for suspending electric resistance thermometer, 
glow lamps) can be soldered on to the wires A, B. 

To calibrate this thermometer its resistance is measured when the 
test-tube is buried almost up to the cork in ice shavings. Make several 
measurements of the resistance, repeating these till the results obtained 
reach a constant value. 

Be very careful ttei^er to depress the battery key for a longer time than 
is absolutely necessary^ otherwise the thin platinum wire will be heated 
by the current passing through it. 

The boiling point is determined by immersing the test-tube in steam, 
an apparaftis similar to that described in p. 1 1 being used. 
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The constants in the equation connecting R* and / can now be 
calculated, and the curve drawn. 

With such a thermometer, much more accurate results can be obtained 
than with an expensive mercury thermometer. ^ 

Advanta.ges of Platinum Resistance Thermo- 
meters. — I. Its zero is constant, and a single determination of 
its resistance at the boiling and freezing points of water will suffice 
for the plotting of a resistance-temperature curve which will 
be permanently useful. On the other hand, mercury thermo- 
meters require to have their fixed points redetermined at 
intervals. 

2. Readings are quickly taken, and no corrections (such as 
those for exposed stem, internal and external pressures, &c., 
which must be used with a mercury thermometer) are in this 
case required. 

3. It possesses a far wider range than any other form of 
thermometer, except an air thermometer. 

4. The magnitude of a platinum resistance thcrmonieter need 
not be excessive ; its tube need not be larger than the bulb of a 
mercury thermometer of equal sensitiveness. 

5. Pure platinum wire, drawn down very fine so as to be 
suitable for the manufacture of resistance thermometers, can be 
obtained at a comparatively small cost.^ 

The Bolometer. — The alteration which occurs in the 
electrical resistance of a platinum wire when the latter is heated, 
has been utibsed by Prof. Langley in the construction of an 
instrument which he has named the Bolometer, 
or actinic balance. This instrument is designed 
to measure the heat produced by the absorption 
of light (or, more generally speaking, radiation) 
corresponding to various parts of the spectrum. 
The instrument itself consists of a couple of 
gratings, such as indicated in Fig. 178, punched 

Pic. 178.— Grid for platinum foil, and covered with 

bolometer. a layer of platinum black. The thickness cf 
the foil used only amounted to mm. These 
gratings form two arms of a Wheatstone’s bridge, and the resist- 
ances in the remaining arms are so adjusted that, when both 
gratings are shielded from radiation, the galvanometer needle is 

1 The very fine platinum wire supplied by Metsrv. Johnson and MattMsy, of Hatton 
Garden, London, may be recommended. 
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undeflected.. When radiation is allowed to fall on one of the 
gratings, its resistance instantly increases and a consequent 
deflection of the galvanometer occurs. A difference of tempera- 
ture amounting to will produce a readable deflection. 

Using this instrument, Prof. Langley was able to investigate 
the heat which reaches us from the moon. 

Thermo-Couples. — Let ABC, ADC (Fig. 179) be two 
pieces of wire of different materials, fused or soldered together 
at A and C ; then if the junction A is maintained at a higher 
temperature than that at C, an 
electric current will be generated 
which may flow round the circuit 
in either direction according to the 
materials used, and also according 
to the difference in temperature 
between A and C. The two wires 
are said to constitute a thermo- 
couple. Fig. 179, — Copper-iron thermo- 

Let US suppose that ADC, ABC couple. 

(Fig. 179) are two pieces of 

copper and iron wire respectively. Then, if A is maintained at 
a temperature 100’ C. and C at o'’ C., an electric current will 
flow, at the hotter junction. A, from copper to iron, in the 
direction of the arrow (Fig. 179). If, however, the Qiean tem- 
perature of A and C is raised to 280'’ C., there will be no current 
produced in the circuit ; whilst if the mean temperature of A 
and C is raised still further, a current will flow round the circuit, 
passing from the iron to the copper at the hot junction, t.e. in 
the direction opposite to that indicated by the arrow (Fig. 179). 
Most pairs of pure metals exhibit this thcnnoclcctric imfcrsion^ 
as it is termed, for certain differences of temperature between the 
two junctions. Hence, for measurements of very high or veiy 
low temperatures, a thermo-couple comprising two wires, one of 
which is composed of a pure metal and the other of an alloy of 
that with some other metal of similar properties, is generally 
used. For high temperature work, it is further necessary that 
both the metal and the alloy should be infusible. 

The Boberts-Austen Beoording Pyrometer. —The 
way in which a thermo-couple may be employed for high 
temperature experiments is well illustrated by Sir William Roberts- 
Austen’s recording pyrometer, used at the Royal Mint The wires 
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used are respectively composed of pure platinum and platinum 
alloyed with lo per cent, of rhodium. The wire ACH (Fig. i8o), 
composed of the alloy, is fused on to pure platinum wires, ADE 
and BF, at A and B. The junction A is profected by a fire-clay 
tube, and is placed in a crucible containing molten metal ; the 
junction B, which must be maintained at a constant temperature, is 
surrounded by steam in a vessel similar to that used for obtain- 
ing the boiling point of a thermometer. The two free ends 
of the platinum wires, ADE and BF', are connected to the 



Fig. i8o,— T he Roberts- Austen recording pyrometer. 


terminals of a sensitive snspended coil galvanometer, C, It is 
arranged that the resistance of this instrument is so great that 
any variation in the electrical resistance of the wires composing 
the thermo-couple will not produce any appreciable effect on 
the current generated. Consequently, a definite deflection of 
the galvanometer G will correspond to a definite temperature 
of the junction A. 

The above arrangement was designed to obtain a cooling 
curve for solidifying metals and alloys, i.e. to determine how 
the temperature of a metal or alloy varies as it passes from a 
molten to a solid state. In order to do this,' an arrangement 
for obtaining a photographic record of the galvanometer deflec- 
tion is employed. The needle of the galvanometer is provided 
with a small silvered mirror, from which a ray of light is re- 
flected on to the photographic plate. As the needle is capable 
of twisting only about a vertical axis, if the photographic plate is 
kept stationary, and the galvanometer deflection varied con- 
tinuously, a horizontal line will l>e found on the plate after develop- 
ment. On the other hand, if the galvanometer needle remains in 
its zero position whilst the photographic plate is gradqally raised 
or lowered, a vertical line will be found on the plate after 
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development. The line OO (Fig. 18 1) is such a zero line ; all 
points on this line will correspond to equality of temperature 
between A and C, i.e. to a temperature of 100° C. at the thermo- 
junction A. In order to lower the photographic plate slowly 
and continuously, it is supported on a float which is partly 
immersed in water contained in a vessel. If this water is 



Fig. 181.— Curves obt.iined by the Roberts- j\usten recording pyrometer. 

drawn off uniformly by the aid of a tap, the desired movement 
will be attained. 

Let us suppose, now, that pure molten aluminium is placed in 
the crucible, thus surrounding the junction A. A deflection of 
the galvanometer is produced, which will decrease as the 
temperatftre of the aluminium falls. Consequently, w^e find the 
temperature variation of the aluminium represented at first by 
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ah inclined straight line, due to the gradual motion of the spot 
of light to the right, combined with the downward motion of the 
plate. After a short time, the curve dianges into a vertical 
straight line ; this denotes that the tempera^.ure has remained 
constant for a certain period. Afterwards, the galvanometer 
needle has again moved toward the right, indicating a further 
fall of temperature. 

As already explained {see Chap. VI IJ., p. 164) the temperature 
corresponding to the vertical portion of the aluminium curve is 
the melting point of aluminium. The curve Z is obtained on 
the same plate by repeating the above procedure, using zinc 
instead of aluminium in the crucible. We have now obtained 
the galvanometer deflection corresponding to 100*^ C. (zero line), 
660° C. (melting point of aluminium), and 420° C. (melting point 
of zinc). We can consequently construct the temperature scale 
given at the bottom of the figure. 

The curves B, C, and D, were obtained immediately after 
A and Z on the same plate. They correspond to alloys 
of copper and tin, containing respectively 50, 55, and 45 per 
cent, of copper. At some points it will be noticed that these 
curves denote a constant temperature for a small interval 
of time ; at other points, a slight increase in temperature is 
seen to have occurred. These points, which could not have 

been observed by the aid 
of an ordinary thermome- 
ter, are of the greatest 
importance in studying 
the properties of alloys. 

The Thermopile.— 
If a number of copper 
and iron wires are joined 
together as indicated in 
Fig. 182, the free ends, 
AB, being connected to a 
galvanometer, a compara- 
tively strong current will 
pass through the latter 
when one set of junctions 
is heated as shown. If the wires are thick, and the electrical 
resistance of the galvanometer is high, for a given difference of 
temperature between the hot and cold junctions, the deflection 



Fig. 182. — Simple form of thermopile. 
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of the galvanometer will be proportional to the numl>cr ot 
couples employeil. 

An arrangement such as that described is termed a thermo- 
pile. As a generM rule, antimony and bismuth arc used instead 
of iron and copper. 

In order to diminish the electric resistance whic h the current 
will experience in passing through the thermopile, small rect- 
angular rods are used- 

A thermopile consisting of iS couples is represented in 
The bisrnutli !>ars arc shaded, the antimony bars 
being left clear. The thick lines indicate the position of 




Fui. i3.j. — Thennotulc. 



Fj«. mountctl rcaUy 

for use. 


insulating materia^ such as mica, whilst the fine lines indicate 
the soldered unions of the bismuth and antimony bars. 

When the near face is heated, a current will flow across the 
hot junctions from bismuth to antimony. 'The current will enter 
the pile at II, and flow downward in a zigzag direction tlirough 
the right hand layer of couples. On reaching C,the current enters 
tile lowest bismuth bar in the next layer, and then flows up that 

layer. On finally reaching the terminal A, the current leaves 
the pile. 

A thermopile movtnted ready for use is reprtyiented in Fig. 184. 
Its exposed faces are blackcmcd so as to readily absorb radiant 
energy ; they can be covered with brass caps wrhen it is tiTshed 
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to screen them from radiation. A metal cover is generally 
mounted at the exposed end of the pile during experiments on 
radiation ; by this means, the exposed face is protected from air 

currents, ^nd from radia- 
tion . proceeding from 
bodies other than that of 
which the radiating power 
is being investigated. 

The Radio - Micro- 
meter. — Since a large 
mass of metal is used m 
the construction of a 
thermopile, a consider- 
able amount of heat must 
be absorbed before any 
appreciable change of 
temperature is produced 
in the metal near one of 
the exposed surfaces. In 
the radio-micrometer, an 
ingenious piece of appa- 
ratus invented by Prof. 
Boys, this drawback is 
overcome, by making the 
thermo-couple from very 
thin and narrow strips of 
antimony and bismuth, 
connected at one end by 
means of a very thin piece 
of blackened copper foil. 
The other ends of the bis- 
Fig, 185.— Professor P.oys’s radio-micrometer. muth and antimony Strips 

are connected to the ex- 
tremities of a long narrow coil of a single turn of wire 
(Fig. 185). This coil is suspended by a quartz fibre, so that it 
hangs between the poles of a powerful electromagnet. When 
no current passes through the coil, the quartz fibre constrains it 
to hang with its plane parallel to the line joining the magnet 
poles. When any radiation falls on the piece of Idackcned 
copper foil, this latter is heated, and a current flows roi|nd the 
suspended circuit. As the rotation of this circuit is only 
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opposed by the feeble torsional force of the quartz fibre, a very 
small current produces a considerable rotation, the magnitude 
of which can be measured by the aid of a beam of light reflected 
from a very sm&^ll silvered mirror, w, attached to a piece ot 
thin capillary glass tubing, which connects the coil with the 
quartz fibre. 

It will be seen that the radio-micrometer is really a com- 
bination of a thermo-couple with a very delicate suspended coil 
galvanometer. By means of this instrument, the heat communi- 
cated to us by radiation from the moon can be accurately 
measured. Valuable information has also been afforded by its 
use in respect of other .astronomical bodies. For instance, from 
the fact that the planet Jupiter is enveloped in great masses of 
cloud, it had been assumed that the temperature of that planet 
was very high. Prof. Boys assured himself that if the tempera- 
ture of Jupiter were as high as loo^’C., the heat radiated from 
it could be detected by the aid of the radio-micrometer. As no 
deflection was produced when the image of Jupiter, formed in a 
reflecting telescope, was thrown on the small bl.ackened copper 
disc of the radio-micrometer, the conclusion reached was that 
Jupiter was at a lower temperature than loo^C. 

I'he heat communicated to us by radiation from the stars 
could not be detected by the aid of the radio-micrometer. 


Summary of Chaptf.r XIX. 

A Galvanometer is an instrument designed to measure or detect 
the presence of electrical currents. In some cases a sus['>endcd magnet 
is deflected by the action of the electric current circulating in fixed coils, 
whilst in others a suspended coil is deflected by the action on fixed 
magnets of the current which flows through it. 

Platinum Resistance Thermometer. — The electrical resistance 
of pure platinum would apparently be equal to zero, at the absolute zero 
of temperature, and varies with the temperature of the platinum. Con- 
sequently a measurement of the resistance of a piece of platinum wire 
may l)e used to determine the temj^erature pf the w-ire. 

Thermo-couples. — If a closed circuit is formed of two different 
metals, and one of the junctions is healed, an electric current will flow 
round the circuit. For a given circuit, the current prcHluced will dei)end 
on the difference of temperature between the hot and cold junctions. 
This gfves a means of measuring very high or very low temj>cratures. 

A Thermopile consists of a number of thermo-couples arranged in 
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such a manner that all the couples tend to produce an electric current 
flowing in one direction round the compound circuit. 

Prof Boys’s Radio-Micrometer is a combination of a very light 
thermo-couple with a delicate suspended coil galvanoiheter. 


Questions on Chapter XIX. 

* 

(1) Describe fully the arrangements you would make in order to com- 
pare the scales of the electrical resistance thermometer, and of the air 
thermometer. 

(2) Give a critical account of methods which have been devised for 
t)ie measurement of very high temperatures. 

{3) Describe the radio-micrometer of Prof, Boys. 

{4) Describe and explain the principles of the action of the thermo- 
pile. 

(5) Describe a method of measuring a high temperature, such as that 
of a furnace. 

(6) Describe some form of electrical pyrometer. 

(7) Describe some instruments practically used in the measurement of 
very high temoeratures. 
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CONVECTION AND CONDUCTION OF HEAT 


Convection of Heat. — When a fluid is heated, as a j^eneral 
rule its density is diminished. If only a part of a fluid is healed, 
the difference of density thus produced 


may cause currents to be set up. The 
action of these currents will be to carry 
the warm fluid away from the point at 
which heat is being communicated, 
whilst its place is taken by colder fluid 
from surrounding parts. Hence the 
tendency is to equalise the tempera- 
tures throughout the fluid. Since heat 
is conveyed from place to place by 
finite portions of the fluid, the process 
is termed convection of heat. 

K.xrT. 66. — Take a round-bottomed 
glass flask, partly fill this with water, and 
(Iroj) a few crystals of magenta into it. 
I leat the flask by means of a very small 
.Bunsen flame. As the water passes the 
crystals of magenta it l)ecomes coloured. 
Its subsequent path is indicated by coloured 
streaks in the water (Fig. i86). It is thus 
seen that the heated water rises through 
the centre of the flask ; after being cooled 



by contact with the cold water in the upper ,S6.-Arrang.mci>i fo. 

parts of the flask, it descends near the showing the convection oi 

walls of the latter, and finally gets heated 


once more. After a short time the water 


throughout the flask w^ll become uniformly coloured, thus show ing how 
well th^ water is mixed by means of the convection currents produced. 
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In the above experiment, tiic heated water rises through its 
colder surroundings by virtue of its diminished density ; just as 
a drop of parafiin oil, which is less dense than water, will rise 
through the latter. 

Exrr. 07. — Take a glass tube, of the form shown in Fig. 187 ; fill 
this with water, and drop a few crystals of magenta through the open 
neck. Now heat one of the vertical skle lul)es by means i>f a sjjirit 




Fig. 187. — Convection of heat in water. 


lamp or Bunsen flame. The path of the convection currents set up 
will be indicated by lines of coloured water (rtv Fig. 187). 

Expt. 68. — Make a small paper 1 k)x by folding writing pajicr (Fig. 
188)- The flaps maybe stuck down by means of sealing wax. Suspend 
this box by means of fine wires, anti half fill it with water. It will be 
found that this water can Ixi boiled by the aid of a Bunsen flame, whilst 
the paper will not be scorched where it is in contact with the enclosetl 
water. This shows that the water conveys the heat away from the 
paper as quickly as it is communicated. 

Joule’s Determination of the Temperature of Maxi- 
mum Density of "Water. — In this experiment two long 
metal cylinders, similar to those shown in Fig. 189, were em- 
ployed. The cylinders were placed vertically, and communi- 
cation was established near their upper ends by means of a 
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sliallow trough, whilst a tube provided with a stop cock served 
when rec|uircd to establish coininiinication between their lower 
extremities. Doth cylinders were filled with water, and the stop- 
cock being close*!, the water in one cylinder was cooled by the 
addition of ice shavings. After the water in each cylinder had 
been well stirred, the stop-cock was opened. If there was any 
differeaice in density between the water in the two cylinders, 
convection currents, similar to those made evident in Expt. 67, 
were jiroduced. These currents were indicated by the motion 
of a small float placed in the trough connecting the upper ends 



I'n.. iv'S. — Walor lioilccl I'lc;, iRg. — Joule's method of dcterniinins; the tempera* 
ill a i>aj)cr vessel. lure correspondiii}; to ihe nuixinium density of water. , 

of the cylinders. By trial it was finally found that the density 
of water was the same at two dilferent temperatures, one above 
ami the other below 4^ C. (Cf. Fig. 43). By performing this 
experiment with the w.'irmer water at a number of ditVerent 
temperatures approaching 4" C., the temperature of maximum 
density was at last found. 

"Winds. — When the air near one part of the earth's surface 
is heated, this air rises, and air from other colder parts of the 
atmosphere rushes iii to take its place. Thus winds arc pro- 
duced.^ The direction of motion of the air is often affected by 
the motion of the earth. 
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Ijand and Sea Breezes. — During the day, whilst heat is 
being communicated by the sun, the temperature of the land 
rises more quickly than that of the sea. This is partly due to 
the exceptionally high specific heat of water. The communication 
of a given quantity of heat will raise the temperature of a 
pound of sand, rock, or soil, to a much greater extent than 
a pound of water. The earth communicates part of its heat 
to the surrounding air, and this air rises, whilst colder air from 
over the sea rushes in to take its place. This constitutes a 
breeze^ which blows during the day. 

During the night the earth cools more rapidly than the sea, 
for the reason discussed above. (Compare this result with the 
method of determining the specific heat of a substance by 
cooling, p. 129.) Hence, shortly after sunset the sea is warmer 
than the land. Consequently, air currents flow from the land to 
take the place of the hot air which rises from over the sea. 
These currents constitute land breezes. 

Ocean Cuirents. — Currents flow from warm to colder 
parts of the ocean, for reasons similar to those discussed in 
connection with Expt. 66. The directions of these currents 
are modified by the motion of the earth, and the configuration 
of the land.' 

Conduction of Heat. — IV/ien beat is propagated from one 
part of a body to another., luithout the occurrence of motion in 
any finite fart or parts of the body, intermediate points being 
heated meanwhile, the process of transfer is termed conduction. 

The most familiar instances of conduction are furnished by 
solid metallic bodies. 

Expt. 69. — Take similar rods of copper and iron, and place an end 
of each in the fire. After a short time it will he found that the free 
end of the copper rod is too hot to be held in the hand, whilst the 
corresponding end of the iron rod is still hardly warmer than at first. 

In the case of the copper, heat has been directly communi- 
cated to the end of the rod which is in the fire, and this heat 
has travelled along it without the occurrence of any motion of 
finite parts of the rod. Hence, heat has been transmitted by 
conduction. 

In the case of the iron rod, a similar transference has occurred, 
though to a much smaller extent. ' 

I For a fall dincription of the air and ocean currehtf of the earth, the ftudent b 
referred to Simmons’s Phythgraf^hy, (Macmillan & Co.) 
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All bodies conduct heat, though some to a much smaller 
extent than others. As a general rule, substances which, like 
silver and copper, are good conductors of electricity, will also 
conduct heat readily. Iron and lead, which arc bad conductors of 
electricity, arc also bad conductors of heat. Glass (which is, 
comparatively speaking, a non-conductor of electricity) conducts 
heat very badly indeed. Thus it is possible to fuse one end of 
a glass rod, and raise it to a bright white heat, whilst the glass 
an inch or so up the tube remains quite cool. 

'Fhere arc, however, no substances known which are total 
non-comluctors of heat. 



•1 








Exi'i'. 70. — To ill list rate the difference in the conductivities of 7 vood and 
orass. — Take a flat piece of wood, and form a pattern on its surface l>y the 
insert it >n of ordinary' brass wood -screws. 

File the heatls of the screws down t«i be llat 
with the wtH)d, and then rub the common 
surface on a piece of glass paper placetl on 
a flat b«K;rd. Paste a piece of thin jxiper 
(the cheapest foolscaj) will answer well) 
over the surface ami leave it t<» tlry. Then 
hoUl the surface over a bunsen flame. It 
will Ire fouml that the jraper chars over the 
wtMxl, Init remains unburnl where it is in 
contact with the brass (Fig. IQO)- The 
tlilTcrence in the coruluctivities of different 
parts of the grain <<f the wood will also l>e 
made manifest. 

The paper, when heated, communi- 
cates heat to the surface immediately 

in contact with it. In the case of the brass the heat is con- 
ducted to the remote parts of the screws ; if the points of the 
screws project through the wood, these will soon be felt to be 
hot. On the other hand, wood is a bad conductor of heat, so 
that very little heat is conducted into the interior of the wood. 
Hence the temperature of the paper over the wood quickly rises 
till charring occurs, whilst the paper in contact with the brass 
remains cool. 

It is for similar reasons that, on a frosty day, a piece of 
metal is colder to the touch than a piece of wood. 

The Davy Safety Liatnp. — In order that a mixture of air 
and any* inflammable gas should burn, a certain temperature, 
termed the iemperature of of the mixture, must be 


Kit;. Shows paper charreti 

whei’t: in contaci with wood, 
hut iinhurnl where in con- 
tact with brass. 
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attained. If one end of a copper rod is introduced into a flame, 
the gases near it will be cooled, and a space surrounding the 
rod will be seen to remain dark. 

Expt. 71. — Coil a piece of copper wire, of al)OVit i*ich diameter, 
round a rod of such a size that the coil will just enclose the flame of a 
spirit lamp. Leave a length of wire for a handle. Light a spirit lamj), 
and lower the coil axially over the flame. 

It will be seen that the alcohol vapour cannot burn inside the 
coil. When the latter has been lowered sufficiently, the flame 
goes out. 

If, on the other hand, the coil of wire is first raised to a red 
heat, it will be found that the lamp is no longer extinguished 
when the coil is lowered o\ er the flame. 

The e.xplanation of these experiments is simple. In the first 
case so much heat was absorbed bv the wire, that the mixture 




F'ig. 191. — Bunsen flame Inirning be- 
low, but not above, wire guu/e. 


Fit;, 192. — r^unsen flame binning above, 
but not Ijelow, wire gauze. 


of alcohol vapour and air was cooled below its temperature of 
ignition. In the second case, the wire, being^ initially hot, did 
not cool the mixture to the same extent. 

Expt. 72* — Ignite a Bunsen flame, and bring a jiiece of w'ire gauze 
down in a horizontal position over it (Fig. IQI). The gauze will 
appear to crush the flame down. There will be no flame aliove the 
gauze unless the latter Incomes very hot, when the unliurnt gases above 
it will ignite. 

Expt. 73. — Place a piece of wire gauze an inch or so above an un- 
igniled Bunsen Inirner. 'Purn on the gas, and light it alxHe the gauze. 
It will be .seen that the flame does not strike down through the gauz.e. 
(Fig. 192). 
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The property possessed by wire gauze, of preventing a flame 
from passing through it, was utilised l)y Sir Humphry Davy in 
constructing a lamp to be used in mines where fire-damp is pre- 
valent. He used»an ordinary oil lamp, of which the flame was 
surrounded by a wire gauze cylinder closed at the top by a metal 
})latc (Fig. 193). Atmospheric air can readily 
reach the wick of the lamp through the gauze, so 
that the burning of the lam|> is not interfered 
with. On the other hand, the hotg.ases produced 
by the flame arc cooled by the gauze, so that if it 
is placed in an inflammable mixture of gases, 
these latter cannot be sufficiently healed for 
ignition to occur. If placed in a mixture of 
fire-damp and air, these gases penetrate through 
the gauze .and burn inside with a blue flame. 

The outside gases, however, arc not ignited. 

If a safety lamp is Imrning in a chamber tilled 
with fire-darni) and air, and a pistol is fired in 
the immediate neighbourhood, the blue flame is 
sometimes forced through the gauze, and the 
extemal mixture of gases is ignited, 'i'he sudden 
compression of the air, due to the report of the 
pistol, forces the hot gases through the gauze, 
without giving them time to part with their heat. This points 
to a danger in the use of safety lamps such as shown in Fig. 193. 

Physical Nature of Conduction.— When part of a sub- 
stance is heated, the molecules in the neighbourhood of the 
heated point arc thrown into a state of violent agitation. If 
the substance is a solid, it is impossible for the molecules to 
move through any great distances. On the other hand, when a 
molecule moving with grc.at velocity strikes against one moving 
more slowly, kinetic energy will be transferred from the first to 
the second molecule. This latter molecule, in its turn, will com- 
municate part of its acquired energy to other molecules ; con- 
sequently, we have a continual transference of energy from 
molecule to molecule. 

Since heat is the kinetic energy corresponding to the motions 
of the molecules of a body, we are able to form a clear mental 
picture of the processjjy which heat is conducted from place to 
place b^' conduction. 

It is necess.ary to remark, that during the comluction of heat 


Fio. 193. — IX-ivy 

siifcly lamp. 
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from one place to another, all intermediate points are heated. 
Thus, the molecules do not give up all, but only a part of this 
newly-acquired kinetic energy. 

If a cubical block of metal is taken, and one face is main- 
tained at a higher temperature than the opposite one, heat will 
pass through the block, and in a given time a definite quantity 
must be removed from the colder face in order that the tem- 
perature of that face may remain constant. 

Coefficient of Conductivity of a Substance.— Let us 
suppose that we are provided with a slab of some substance, 

very long and broad in com- 
parison with its thickness 
(Fig. 194). Let us maintain 
the two opposite faces of the 
slab at different tempera- 
tureg. Then heat will flow 
through the slab in the direc- 
tion of the arrow (Fig. 194). 
If we could examine a small 
centimetre cube, such as that 
shown in dotted lines, with 
two of its faces parallel to the 
faces of the slab, then we 
should find that heat enters 
through the face nearest to 
the high temperature side of 
the slab, and leaves through 
the opposite face. Heat will 

Fig. I94.-Ijlustrates the method of defining neither enter at, nor leave by, 
the coefficient of conductivity of a ’ ’ 

substance. the Other faces of the cube, 

since the flow of heat is 
parallel to the arrow. When a steady state has been attained, 
there will be a certain constant difference of temperature be- 
tween the faces of the cube which are perpendicular to the arrow ; 
consequently in a given time as much heat must pass into the 
cube through one face as leaves it through the opposite face. 

The quantity of heat which pasees through the 
cube, in one second, divided by the difference in tem- 
perature between the faces through which the heat 
passes, is defined as the coefficient of conductivity of 
the substance. 
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The meaning of this definition may be made clearer by the 
aid of a numerical example. 


Example. — Wha4 is the coefficient of conductivity of a badly con- 
ducting substance upon which the following exp)eriment was made ? A 
tin cylinder, 40 cm. in diameter and 50 cm. in length, is covered all 
over by a layer of the material in question, 0*33 cm. in thickness. 
Steam is passed through the cylinder at a temperature of 100'’ C., and 
the external temperature being 20“ C., water is found to accumulate at 
the rate of 3 grams per minute. The latent heat of steam at 100° C. 
may lx? taken as 537 therms per gram. (Lond. Univ. B. Sc. Pass, 
1897.) 

Area of each end of cylinder = itt^ = ir x {20)- = i>256 sq. cm. 

Area of curved walls of cylinder = 2ir x 20 x 50 = 6,280 sq. cm. 

. * . Total area covered with conducting material = 


6,280 + 2 X 1,256 = 8,792 sq. cm. 

Since ^ grams of water are condensed per second, the quantity of heat 
passing in each second through the layer of badly conducting material = 


A 

60 


X 537 


1611 

6 


therms. 


. • . Quantity of heat passing per sec. through each sq. cm. of sur- 
face = 


i6fi 

6 X 8,792 


therms. 


Difference in temperature between op|X)site sides of a layer of non- 
conducting material = 100- 20 = 80“ C. 

In passing through a layer of the material 0’33 cm. thick, the fall of 
temperature = 80“ C. 


. * . b'all of temperature per centimetre ~ — "C. 

33 

. • . Coefficient of conductivity = 

Heat passing through i cm. in i sw. 
Fail of temperature per centimetre 


i6 fi X *33 

6 X 8,792 X 


•0000126 = 1*26 X IO“*. 


Determination ef the Conduotivity of a Metai by 
Forbee’s Method. — If one end of a metal bar is heated, the 
other end remaining at the temperature of the atmosphere, heat 
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will travel along the bai% and after some time the various points 
along the bar will have attained ste.idy temperatures. In this 
case the heat entering the bar at the hot end will be entirely 
given up to the atmosphere, or radiated int6 space, from the 
surface of the bar. 

If we consider a part of the bar comprised Ijctwecn two 
planes perpendicular to its length and one centimetre apart, 
we may, if the bar is sufficiently long, 'neglect the heat given 
off by the surface between the planes, in comparison with that 
given off by the surface of the bar beyond them. Hence, the 


Fk;. 195. — Arrangement for measuring the coefficient of conductivity of a metal. (I’.) 


sectional area of the bar being known from direct measurement, 
if we can determine the fall of temperature between the planes, 
and also the amount of heat given off from the surface of the 
bar beyond them, the coefficient of conductivity of the metal 
employed can be calculated from the formula : — 

Coefficient of conductivity == 

Heat passing thrtiugh i sq. cm. of sectional area in i sec. 

Fall of temperature per cm. hrngth. ^ 

Forbes made two distinct sets of exjieriments on each bar, 
in order to determine the quantities occurring in the above 
formula, * 
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I. Statical Experiments . — In these an arrangement some- 
what similar to that represented in Fig. 195 was employed, 
except that the end of the bar was heated by being inserted into 
a crucible full of4used solder, which was maintained at a con- 
stant temperature. Small holes were made in the upper surface 
of the bar, and these inclosed thermometer bulbs, surrounded with 
small quantities of mercury in order to effect a good thermal 
communication between the bulbs and the metal of the bar. 
When the thermometers indicated that the various points along 
the bar had acquired constant temperatures, these latter were 
noted, and a curve similar to Fig. was drawn, indicating the 
fall of temperature along the bar. OC represents the length of 
the bar. If two points A,B, are taken, corresponding to points on 



the bar one centimetre apart, the fall of temperature per centi- 
metre length at the position in question is given by the line 
DE. 

These experiments were termed statical, since each point 
of the bar was allowed to attain a constant temperature before 
observations were made. 

2. Dynamical Experiments . — The bar used in the previous ex- 
periment was heated uniformly throughout its length, and then 
supported on knife edges, and the rate of cooling was determined 
for various temperatures. These experiments were termed 
dynamical, since the temperature was changing whilst observa- 
tions were being made. 

Th^ quantity of heat given up by the bar, during a given 
interval of time in which the temperature fell by a certain 
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number of degrees, was calculated from the experimental data, 
and the relation. 

Mass of bar x specific heat x fall of temperature = heat 
given up by the bar, in given interval of time, •when at a known 
mean temperature. 

From this the heat given up by unit length of the bar in one 
second, for a given mean temperature, was calculated. A new 
curve, representing the relation between the heat given up by 
unit length of bar in one second, and various mean temperatures, 
was drawn. 

Now from Fig. 196 the mean temperature of the length BC 
of the bar can be calculated. The heat given up per second by 
the length BC for this mean temperature can be obtained by 
the aid of the curve drawn from the results of the dynamical 
experiments. 

But this quantity of heat has passed through the section of 
the bar at A. Hence, the area of the section being known, the 
heat passing through i sq. cm. at A can be found. This 

quantity is the numerator of the 
fraction on the right-hand side of 
(1). The denominator, which is 
numerically equal to the length DE, 
Fig. 196, has already been ob- 
tained. Hence, the coefficient of 
conductivity of the substance can 
be cjilculated. 

Comparison of Conducti- 
vities. — Ingen-Hausz’s Ex- 
periment. 

Exvr. 74. — You are provided with a 
trough furnished with apertures in its 
side, through which a number of rods 
of different metals can be fixed by 
means of corks (Fig. 197). The rods 
are of equal lengths and of equal 
circular sectional areas. They must first be coated ■ uniformly with 
layers of paraffin wax. This can be done by dipping each in turn into a 
bowl of melted paraffin wax, withdrawing it, and rotating til! the wax 
has solidified. Then fix the rods in position, fill the trough with water, 
and support it on tripod stands. Heat the *water by the aid of 
^tinsen burners, a sheet of aslpf^to^ ^rd being placed a9*9hown 



Pic. 197. — Inj^en-Hausat’s method 
of companne conductivities 
of metal rods. 
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in Fig. 197, so as to prevent the heat of the flames from reaching the 
rods. Observe the distance from the trough to which the paraflin is 
melted oflF each rod when the water has been boiling for about a quarter 
of an hour. ^ 

The ends of the rods which are inserted into the trough are 
all at the temperature of boiling water. At the points farthest 
from the trough where the wax is just melted, the tempera- 
ture is that of melting wax, i.e.^ 52' C. Hence, the mean tem- 
peratures of those parts of the rods from which the wax is melted 
are equal. Therefore, if the surfaces of the rods are uniform, 
the amount of heat given off per second from the part from 
which the wax is melted will be proportional to the distance to 
which the wax is melted. 

Let I be the distance, along any particular rod, through which 
the wax is melted. 

Then, quantity of heat given off per second from that length 
of rod = /'/, where k is a constant for all the rods .... («) 

This quantity of heat represents the excess of the heat enter- 
ing the rod at the hot end, over that which passes across the 
section where the wax is just melted, toward the cold end of 
the rod, in one second. 

Now% the heat passing per second through any section of 
the rod will be proportional to the fall of temperature per 
centimetre length at the given section, multiplied by the con- 
ductivity of the substance of which the rod is composed. {Cf. 
p. 420.) 

Since in all cases the temperature falls from loo'* C. to 52’ C. 
in passing along a rod through the distance /, the fall of 
temperature per centimetre length at points possessing equal 
temperatures on various rods will be inversely proportional 
to /. 

Therefore, we may write, ' 

Heat entering hot end of rod per second . . . . = 

Heat passing through section of rod where wax J {b) 
is just melted, per second j 

where C =* conductivity of substance composing rod, #f, and ir, 
are constants, depending only on the temperatures, viz., too'" C. 
and 52°*C., at the two points in question. 
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. * . from (a) and (^), 

kl oc 

, kl oc y ('fl — *^2 ) 

. C OC — P . 

«1 - <2 . 

Since (Cj and ^2 are constant for all the rods, we see that 
the conductivity C of any rod will be proportional to the square 
of the distance through which the wax has been melted. 

Relative conductivities can also be determined by placing 
similar bars of two substances end to end, small bullets being at- 
tached to their lower surfaces by means of beeswax at equidistant 
points. If the junction of the two bars is now heated and main- 
tained at a constant temperature, the relative conductivity of 
either bar will be proportional to the square of the number of 
bullets which finally have fallen from it. 

Most lecture experiments on the conductivities of metals 
occupy too much time to be very effective, and in addition are 
often somewhat uncertain in their action. The following 
arrangement ‘ may be very quickly and simply put together, and 
by its aid the relative conductivities of a number of metals may 
be quantitatively determined in an interval of about a minute, 
the essential parts of the apparatus being capable of projection 
on a screen. It can also be used in the laboratory. 

Expt. 75. — A piece of brass tube, alK)ut 10 cms. in diameter and 
20 cms. in length, is closed at one end by means of a brass disc. A 
number of holes are bored in this disc to receive rods of copper, brass, 
iron, &c., each rod being 2*5 mm. in diameter and about 15 to 20 cms. 
in length. The rods arc soldered in position perpendicular to the disc. 

Each rod is provided with a small index made from a piece of 
copper wire of about *8 mm. diameter, bent into the form shown in 
Fig. 199, a small arrow-head of blackened paper or mica being 
attached by shellac varnish. The rings forming part of each index are 
wound on a rod very slightly larger in diameter than the experimental 
rods. 

To start with, the brass vessel is inverted, an index is slipped on each 
rod, the single ring (Fig. 199) being left in contact with the disc, and a 
very small amount of paraffin wax is melted round the rings. When 
the vessel is supported with the rods downwards, as in Fig. 198, the 

t ** A Lecture Experiment on the Relative Thermal Conductivities of Various 
Metals,''<—Edwin Easer, Nature ^ July 13, 1899^ 
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solid wax holds the indexes in position. The arrangement is then 
supported between the condenser and the focussing lens of the lantern, 
and boiling water is poured into the brass vessel. When that part of a 
metal rod in the neij|hbourhood of the double ring of the index reaches 
the melting temperature of the wax, the index commences to slip 
<lownwards, carrying the wax with it, and when the temperatures of 
the rods have acquired steady values, the indexes will have descended 
to points on the various rods where the wax just solidifies, and which, 



Fic;. 198. — Arrangement for determining the rcla- Fig. 199. — F^nlargcd 

live thermal conductivities of metal rods. (The view of index, 

left-hand rod is of copper, the middle one of 
brass, aiul the right-hand one of soft steel.) 

therefore, pos.se>s ctjual temperatures. Hence the conductivities of the 
various rods are proportional to the squares of the distances irom the 
bottom of the brass vessel to the jxisitions indicated by the several 
arrow-heads. 

A scale of equal p,arts, or better still, a scale of squarc.s, may be 
drawn on the screen, when the relative conductivities may be directly 
read ofl'. 

In Fig. 198, rods of copper, brass, and soft steel are shown 
with the indexes in the positions acquired at the end of an 
experiment. It will «ljc seen that the relative conductivities 
work out to within three or four per cent, of the accepted values 
for the mean conductivities between o” and 100^. 
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Table of Heat Conductivities of Various Substances. 


Substance. 

Aluminium 
Antimony . . 
Bismuth . . . 
Brass (yellow) 
Cadmium . . 
Copper 
Iron . . , 

! Lead ... 

j 

Mercury . . . 
Silver . . . . 

Tin 

Zinc . . . . 


Mean 

Tempera- 

ture. 

Coefficient 

of 

Conduc- 

tivity. 

Substance. 

Coefficient 

of 

Conduc- 

tivity. 

/ 

0" 

0-343 

Clay Slate . . 

0*00272 

\ 

/ 

100° 

0-362 

% .. f from 

(iranite • \ 

0*00510 

o'’ 

0-0442 


0 00550 

l 

1 00" 

003^ 

Marble . 

1 to 

0*00470 

/ 

0“ 

00177 

0*00560 

i 

100° 

0*0164 

Sand (white,dr>*) 

0 00093 

/ 

0“ 

0*2041 

Serpentine . 

0*00441 

\ 

lOO"" 

0*2540 

Snow, in com- 


/ 

o'’ 

0*220 

pact layers 

0*00051 

\ 

100® 

0*245 

Plaster of Paris . 

0*0013 

/ 

0® 

0*7189 

PastelK>ard . 

0*00045 

i 

loo"" 

0*7226 

Vulcanised \from 

0*00034 

f 

0® 

i o*i66 

Rubber . / to 

0*00054 

\ 

100® i 

0*163 

Wood, Fir — 

( 

0® 

0*0836 

Along the grain 

0*0003 1 

\ 

100® 

0*0764 Ij Across the jjrain 

0*00009 1 

/ 

0® 

0*0148 j 

Wax (bees’)* . 

0*0000Q 

l 


0*0189 ' 

VV'ater 

0*00136 


° i 

0*960 

( ilass • • • • 

0*0017 

/ 

0" ! 

0*1528 

Flannel . 

0*00003 

i 

100® 

o' ' 

! 

0*1423 

0-303 


1 , 


From the above table it is seen thijit the conductivity of a 
metal varies with the temperature. Thus, if a slab of copper 
I cm. thick is maintained with one face at loi^ C., and the other 
at loo’’ C., 07226 therms will be transmitted in a second 
through each square centimetre of area. On the other hand, if 
the temperatures of the faces are maintained at 1° C. and o'" C. 
respectively, 07189 therms will be transmitted In a second 
through each square centimetre of area. 

Temperature Waves.— If a slab of metal, initially at a 
uniform temperature throughout, has the temperature of one of 
its faces suddenly raised, a wave of increasing temperature will 
travel through the slab. The rate at which this temperature 
wave travels is no measure of the conductivity of the substance. 
In order to determine the latter quantity, the specific heat of 
the substance must be known, so that the quantity «of heat 
which travels through a given area in a certain time may be 
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calculated. Thus Prof. Tyndall showed that a temperature 
wave travels faster in bismuth than in iron, although the con- 
ductivity of iron is nearly ten times as great as that of bismuth. 

The rate at wh^h a temperature wave travels in a substance 
is a measure of what has been termed the diffusivity of tem- 
perature (Kelvin), or the thermometric conductivity (Maxwell) 
of the substance. 

Terrestrial Phenomena and the Age of the Barth.— 
During the daytime the surface of the earth is heated, and a 
wave of temperature travels into the interior. These diurnal 
waves only reach, on an average, to a depth of about 3 feet. 
The mean temperature of the surface of the earth is higher 
in summer than in winter. Consequently, annual waves of tem- 
perature also travel into the interior of the earth. 

The rate at which these waves travel has been determined 
from observations of the annual and diurnal variations of tem- 
perature at different depths in borings. From these, combined 
with a knowledge of the mean specific heat of the earth’s crust, 
Lord Keh'in has calculated the heat conductivity of the latter. 

In descending to great depths into the interior of the earth, 
the temperature steadily rises by about C. for every 108 feet 
of descent. Hence heat must be steadily travelling from the 
interior to the surface of the earth. From the rate at which 
heat is at present being lost by the earth, Lord Kelvin estimates 
that 200,000,000 years have elapsed since the earth was in a 
molten condition, with a thin solid crust. 

The fact that the interior of the earth is still very hot, does 
not prove that there is still a molten core. Most of the sub- 
stances composing the earth’s crust contract on solidifying. 
Hence, the enormous pressure near the centre of the earth 
may suffice to maintain them in a solid condition (pp. 177 
and 372). 

Conductivity of Crystals. — Many crystals are ccolotrofic 
(p. 60) as regards heat conductivity. Thus, the conductivity 
of such a crystal will depend on the direction of transmission of 
heat. Fig. 200 represents the method used by M. de Senarmont 
to determine the relative conductivities in various directions in 
a crystal. A thin plate of the crystal was cut, and a hole bored 
through its centre. One surface of the crystal was coated with 
a thin layer of white vvax. A piece of copper wire was inserted 
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through the hole, and the plate having been placed in a horizontal 
position, a point on the wire was heated. 

The heat travelled along the wire, and part was finally com- 
municated to the crystal This travelled otitwards from the 



Fig. 2CX). - De Senarmont’s inclhrKl of determining the thermal comUictivities of 

crystals. (F.) 

wire, and the square of the distance in any direction to which 
the wa\ was melted was taken as proportional to the conduc- 
tivity in that direction. (Compare with lngen -1 laus/.’s method, 
p. 424.) 'I'he wax was generally melted over an elliptical or 
egg-shaped area. 

Exi'T. 76. — Substitute a piece <>f wood about .t-inch thick, cui 
parallel to the grain, for the crystal ij» Fig. 200. (^^al the upper sur- 
face with paraffin wax, and determine, in the manner descril>ed alx»ve, 
the rati<} of the thermal con<luclivities of wood, along and j)erj)endicular 
to the grain resiKctively. 

More recently Dr. C. H. Lees has attacked the same pro- 
blem by placing .a plate of a crystal between two j)artsof a metal 
bar, one end of the compound bar being maintained at a constant 
high temperature. The conductivity could then be determined 
by Forbes’s method (p. 421). 

Conductivity of Liquids.-- In order to determine the 
conductivity of a liquid, special precautions must be taken to 
avoid the production of convection currents. Hence, in general, 
the liquid must be heated from above, so that the only niethod 
of transmission of heat downwards is by means of molecular 
exchanges, 

E.xi'T. 77. — Take two long te.st-tubes and nearly fill these with water. 
Float a small piece of ice on the surface of the- water in one tul>e, and 
sink a piece of ice of a similar magnitude to the bottom of thoother by 
the aid of a small lead weight. 
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Heat the test-tube, in which the ice floats, from the bottom. The 
ice will quickly melt, owing to the convection of heat from below 
upwards by the water. 

Now hold the otl^er test-tube in a slightly inclined position and heat 
it at a iK)int just below the surface of the water. It will be found that 
the water soon boils on the surface, whilst the ice remains almost 
unaffected at the lx)ttom of the tube. 

The above experiment shows that water is a very bad con- 
ductor of h^t. Most liquids (with the exception of mercury 
and molten metals generally) are bad conductors of heat. 

Determination of the Coefficient of Conductivity 
of a Liquid— Despretz’s Method. — This method is a modi- 
fication of the bar method of obtaining the coefficient of con- 
ductivity of a solid. 

A cylindrical wooden vessel B, Fig. 201, about a metre in 
length and 20 cm. in diameter, was furnished with a number of 



Fig. aoi. — Dcspret*'s method of determining the conductivity of water. (P.) 

apertures down one side ; through these thermometers were in- 
serted. The vessel was filled with the liquid to be examined. 
This was first allowed, to acquire a uniform temperature 
throughout, and then hot water was poured into a shallow 
copper vessel A at th% top of the cylinder. The hot water was 
renewed every five minutes. Observations of the various ther- 
mometers showed that a heat wave travelled slowly down the 
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vessel, just as in the case of a metal bar heated at one end. 
When the thermometers indicated that a constant state had 
been acquired (which was generally after thirty-six to forty 
hours), the temperatures indicated by the varicus thermometers 
were noted. 

Various liquids were treated in this manner, the hot water in 
A being in each case at the same temperature. The respective 
conductivities were proportional to the squares of the distances 
downwards from the copper vessel corresponding to a given 
fall of temperature. (Compare with the result of Ingen-Hausz’s 
experiment.) 

Bottomley's Method. — The above arrangement was modi- 
fied by Bottomley, two sensitive thermometers placed horizon- 
tally one above the other at a small distance apart being em- 
ployed to determine the fall of temperature per centimetre length 
near the top of the vessel, whilst the average temperature of 
the water below that point was indicated by a thermometer with 
a sufficiently long bulb. From successive readings of the latter 
thermometer the quantity of heat which passed through the 
section near the top of the cylinder in one second could be 
calculated. The vessel A was dispensed with, hot water being 
poured in a slow stream on to a small wooden float, and with- 
drawn at an aperture suitably placed after it had spread over 
the surface of the water B, without, however, mixing with it. 
The conductivity C was calculated from the formula : — 

Q -= Heat passing through unit area in one second 
Fall of temperature per cm. at section. 

For water, the value found was C = 0*002. 

Numerous other experiments have been performed, for a 
description of which the student is referred to Preston^s Heai^ 
Chap. VII. Section II. As a general rule, the results obtained 
cannot be considered to be so accurate as those obtained in the 
case of solids. 

Conductivity of Gases.— The difficulty of determining 
the coefficient of conductivity of a gas is enormously greater 
than in the case of a liquid. In the case of a gas, we have 
not only convection currents to consider, but errors due to 
radiation must be provided against. Energy may be propagated 
through a gas by any or all of the following methods : — 
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1. Conduction^ />., transfer of energy from molecule to mole- 
cule without the production of convection currents. Thermal 
changes produced in this manner are very small in magnitude. 

2. Convection^ f.c., transfer of heat by the bodily motion of 
large quantities of heated gas. On the earth such transfers 
constitute winds, and the rapid variations of temperature often 
experienced in England when the wind changes, give a suffi- 
ciently good idea of the magnitude of the results so produced. 

3. Radiation^ f.^., transfer of energy in the form of waves in 
the luminiferous ether. In this case the gas molecules, among 
which the radiation passes, are themselves unaffected, just as 
the radiation from the sun passes through the atmosphere, w^ith- 
out appreciably altering the temperature of the latter. If, how- 
ever, the radiation falls on the bulb of a thermometer, the latter 
will be heated, the effect being the same as if the heat had been 
communicated by the surrounding gas at a high temperature. 

As a consequence the most stringent precautions are neces- 
sary in experiments on the conductivity of gases. The method 
which has, up to the present, proved most satisfactory is to deter- 
mine the rate of cooling of a thermometer bulb, first in a vacuum, 
and then in the gas in question. In order to eliminate convec- 
tion currents, the pressure of the gas is reduced. The conduc- 
tivity is independent of the pressure of the gas, unless this 
becomes so small that the mean free path of the molecules is com- 
parable with the dimensions of the containing vessel. When the 
latter stage of exhaustion is reached, a sudden fall in conduc- 
tivity ensues. It is for this reason that Prof. Dewai-’s vacuum 
vessels have proved so valuable in preserving liquefied gases. 

The value deduced by Stefan for the conductivity of air, is 
o*ocxx 356, which is less than one ten-thousandth of the conduc- 
tivity of copper. 

The conductivity of hydrogen is seven times as great as that 
of air. This is due to the fact that, at a given temperature, a 
hydrogen molecule is moving more quickly than the average 
velocity of the molecules composing air. {See Chap. XIII.) 

Bffeots of Conduction in Qaaes.— If a piece of fine 
platinum wire, through which an electric current is passed, 
is placed in a glass tube, as in Fig. 202, when the tube is ex- 
hausted of air the wjfe glows brightly. On admitting air the 
wire bqpomcs dull, owing to the fact that heat is rapidly carried 
away from it by the air. If the tube is again exhausted, and 

F F 
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then filled with hydrogen, the effect is still greater ; it is then 
extremely difficult to make the wire luminous. 



Electric glow lamps are exhausted as per- 
fectly as possible, in order that energy should 
not be carried away from the filament by any 
inclosed gas. If a small fracture is made in 
a glow lamp surrounded ^by an explosive mix- 
ture of oxygen and hydrogen, no explosion will 
occur. The gas conducts the heat away from 
the filament so quickly that the temperature of 
the latter falls below the temperature of ignition 
of the mixture of gases. For this reason glow 
lamps can be safely used in mines where fire- 
damp is prevalent. 

Summary. 

Convection of Heat. — When heat is carried 
from one place to another by the motion of finite 
parts of a substance, the process is termed convection. 

Conduction of Heat. — When heat is propagated 
from one part of a body to another without the occur- 
rence of motion in any finite part or jxirts of the hotly, 
intermediate points being thereby warmed, the process 
is termed conduction. 


Fig. 202. — Method 
of showing the 
effects of the 
conductivity of 
a gas. (P.) 


Coefficient of Thermal Conduction of a Sub- 
stance. — This is defined as the quantity of heat 
which passes through unit area in one second, divided 
by the fall of temj>erature per centimetre length normal 
to that surface. 


Forbes determined the conductivity of metals by heating a bar at 
one end, and determining the temperature at different points when these 
acquired constant values, and subsequently observing the rate of cooling 
of the bar when uniformly heate<l. 

If different bars of similar sectional areas are coated with wax, and have 
their ends maintained at uniformly high temperatures, the conductivities 
of the bars arc proportional to the squares of the distances through which 
the WAX is ultimately melted. 

The Conductivities of Liquids have been determined by heating 
the surface of the liquids and using a modification of Forbes’s method. 

Water is a very bad Conductor of Heat. 

The Conductivities of Oases have bt en determined by ob- 
serving the rate of cooling of a body when surrounded by tfifferent 
gases in a rarefied condition. 
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Questions on Chapter XX. 

(1) A rod heated at one end has reached a steady state of tempera- 
ture, and the curve of tem|X*rature is known. The rate of loss of heat 
of the surface for different temperatures is also known. Show how to 
determine the conductivity of the rod from these data. 

(2) Give an account of experiments on the conduction of heat in 
crystals, and discuss the results obtained. 

(3) Describe a method of measuring the thermal conductivity of a bar 
of irtm, and indicate clearly how to calculate the conductivity of the 
metal from your observations. 

(4) Give an experiment which shows that metals are good conductors, 
and that wood is a bad conductor of heat. 

How many gram-degrees of heat will be conducted in an hour 
through each .square centimetre of an iron plate 3 centimetres thick, its 
two sides being kept at the respective temperatures of 50“ C. and 
200“ C., the mean specific thermal conductivity of iron between these 
temperatures being O’ 12? 

(5) Describe a method of determining the thermal conductivity of a 
metal bar. 

(6) Define thermal conductivity. A metal vessel, I square metre in 
area, and whose si<les are 0*5 cm. thick, is filled with melting ice, and 
is kept surrounded by water at 100'’ C. How much ice will be melted 
in an hour ? The conductivity of the metal is 0 02, and the latent heat 
of fusion of ice 80. 

(7) Describe ex|x;riments which have been made to detemrine the 
conductivity of iron bars. 

A quantity of water is maintained at lOO* in a closed iron tank by 
pas.sing steam into it. If the quantity of steam is 100 grams per 
second, and if the area of the tank is 6 metres, the thickness of the iron 
0*4 cm., and its conductivity 0*2, find the temperature difference 
between the inside and the outside of the iron. 

(8) .Some ice [is to Ije kept as long as possible in a warm room. 
Descril)e, and give reason for, the construction of a suitable box. 

(9) Describe the Davy safety lamp. What thermal principles are 
applied in its construction ? 

(10) Define the coefficient of conductivity for heat. What is the co- 
efficient of conductivity of a badly conducting substance upon which the 
following experiment was made ? A tin cylinder, 40 cm. in diameter and 
50 cm. in length, is covered all over by a layer of the material 0*33 cm. 
in thickness. Steam is ^msse<l through the cylinder at a temperature of 
100” C., and the external temperature being 20® C. water is found to 
accumulate at the rate of 3 grams per minute. The latent heat of steam 
at 100® may be taken a#537 gram-calories per gram. 
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RADIATION 

Every one is familiar with the fact, that when the surface of 
a body is illuminated for some time by a ray of sunlight, the 
temperature of the body is raised. It may be shown that the sun 
is the only ultimate source of heat which is of much importance 
to us on the earth. It has often been pointed out that the heat 
obtained from burning coal is derived from energy originally 
stored up under the action of sunlight by the plants from which 
coal was formed. With the exception of the heat transmitted 
from the hot interior of the earth, and the small amount of heat 
which might be oVjtained by burning the metals which occur in 
an uncombined state in the earth’s crust, we are entirely depen- 
dent on the heat which is derived, either directly or indirectly, 
frooi the sun. 

How then is this heat communicated to the earth at a distance 
of 90,000,000 miles from the sun ? It does not travel from the sun 
to the earth in the form of heat (/.^., energy possessed by vibrat- 
ing material molecules), since the space intervening between the 
sun and the earth is free from matter. Nevertheless our know- 
ledge of mechanics renders it necessary for us to consider that 
energy can only be transmitted from place to place by the 
motion of something. Consequently, we assume that all space 
is filled with a medium, which possesses no appreciable weight, 
but which is capable of transmitting energy. This hypothetical 
medium is termed the Luminiferous Ether, By its agency light 
is transmitted in the form of waves ; and we shall see that these 
waves are capable of setting material molecules in motion, and 
thus generating heat. ^ 
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Expt. 78. — Heat the end of a poker to redness, and throw the 
shadow of the poker on a white screen by means of an arc lamp (with- 
out a lens) or a small acetylene burner. Hot air will be seen to be 
streaming upwards irom the jwker, thus constituting convection currents. 
The air Ijelow the poker will be seen to be at rest. Nevertheless, if 
you place your hand a few inches l^elow the poker, a sensation of heat 
will be immediately experienced. 

In the foregoing experiment, no appreciable amount of heat 
could have been transmitted to the hand by conduction, since 
.we have already learnt that temperature waves travel through 
a gas very slowly. 

The heat generated in the skin of the hand was due to the 
absorption of ether waves, similar in many respects to those 
which, on reaching the eye, produce a sensation of light, and 
render the hot poker visible in a dark room. 

Radiant Heat.” — When the poker, in the above experi- 
ment, has so far cooled that it is no longer luminous, a sensation 
of heat is still experienced if the hand is placed at some distance 
beneath it. Hence some ether >vaves, the absorption of which 
produces heat, are not capable of producing the sensation of 
light. 

The term ^''radiant heat” has been applied to those non- 
luminous ether waves which, when absorbed by a body, raise the 
temperature of the latter. It must be remembered, however, 
that whilst passing through space, these waves are not associated 
with the motions of material molecules, and do not, therefore, 
strictly speaking, constitute heat. “ Thermal radiation ” would 
be a better title for this method of transmission of energy. 

Methods of Detecting Thermal Rawiiations.— If sun- 
light, or the radiation from a piece of heated metal, is allowed 
to fall on the bulb of an ordinary mercury thermometer, a rise 
of temperature will be indicated. If the bulb is coated with a 
layer of dead black paint, ‘ the rise of temperature will be much 
increased. 

A form of Leslies differential air thermometer^ which may be 
easily and cheaply constructed, is shown in Fig. 203, Two 
round-bottomed flasks are provided with sound corks, each 

1 Ilead black f>aiiu may be jnade by mixing limp black with alcohol, in which a 
■mall amount of ahellac has been dissolved. Sufficient shellac should be to render 
the paint athesive to glass, but not enough to produce a glossy black surface. 
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pierced to adn^it two glass tubes, bent as shown in the figure. 
The shorter glass tube is, in each case, fitted with a pic( e of 

india-ru])bcr tul>ing, wljich 
can be chfscd by a piece of 
glass rod. 'riie longer glass 
tubes are connected, by 
means of pieces of india- 

nibl>er tuliing, to tlie ends 

of a glass nianonieter tube 
containing some coloure<l 

water. If the flasks arc 
supported in the manner in- 
dicated in Fig. 203, they ran 
be used hanging down, as 

10.203. — Leslie's diffcrcnlial air thermometer. they lU.'iy bc 

rotated into an erei t posi- 
tion, similar to that indicated in Fig. 211. 'I’he flasks should bc 
coated on their external surfaces with dead black paint. 

Fig, 204 represents a comparatively sensitive arrangement for 
detecting thermal radiations. It consists of two 



bulbs, connected by means of a glass tube, the 
internal space, which contains a cpiantily of 
coloured ether, being exhausted of air. 'I’he 
liquid ether acts as a jiressure indicator, whilst its 
vapour fills the two bulbs. The lower bulb is 
blackened, and when radiations are absorbed by it, 
a large expansion of the ether vapour is jiroduced. 

Thermal radiations may also bc detected and 
measured by allowing them to fall on one fa< e of 
a thermopile, the other face being maintained at 
a constant temperature by being covered with a 
brass cap. The necessary electrical arrange- 
ments have been indicated in Chap. XIX. 

Langley’s bolometer and Boys’s radio-micro- 
meter afford still more delicate means of detect- 
ing thermal radiations. 

Properties of Thermal Badiations. 



(i) Thermal radiations can be transmitted 


through a vacuum. This was prov^*d by .Sir Humphry 

Davy, who placed a black bulb thermometer at some rUstance 
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from a spiral of platinum wire which could be heated to red> 
ness by an electric current, and enclosed both in a vessel which 
was afterwards freed from air. When the platinum wire was 
heated, the blacl% bulb thermometer indicated a similar rise of 
temperature to that which occurred when the vessel wa^ full 
of air. 

(2) Thermal radiations are transmitted in straight lines^ like 
beams of light. 

Expt. 79 « — Coat one side of a sheet of tinfoil with paraffin wax, and 
the other with dead black paint. Cut a star-shaped aperture from 
another sheet of tinfoil, and hang the two sheets vertically and parallel 
to each other at a distance of 2 or 3 inches apart, the blackened surface 
of the first sheet being on the inside. Heat an iron ball to a white heat, 
and support this so that part of the radiations emitted can pass through 
the star-shaped aperture and fall on the blackened surface of the first 
sheet. 

% 

After a few minutes the paraffin wax will be seen to be melted 
over a star-shaped area, corresponding to the aperture cut in 
the second sheet of tinfoil. The sharpness of the edges will 
dep>end on the size of the iron ball used, and the distance 
from the aperture at which it is placed ; just as the sharpness 
of the shadow of an object depends on the size and position of 
the source of light. 

(3) Thermal radiations are reflected from polished metallic sur- 
faces^ and obey the same laws as light. 

Expt. 80. — Two tin-plate tubes, of about 3 inches diameter and 30 
inches long, together with a sheet of polished tin-plate supported in a 
vertical plane on a suitable stand {see R, Fig. 205), are required for this 
experiment, in addition to the iron ball B and the ether thermoscope T. 
Support the t»ibes in a horizontal plane, so that they arc inclined to 
each other at alx)ut 1 20*, as shown in Fig. 205. Place the heated ball 
and. the thermoscoj^e in position, the sheet of tin plate R being removed. 
No appreciable effect will be produced on the thermoscope. Now place 
the sheet of tin-plate R in position, and rotate it till the thermoscope 
shows the greatest effect. This will occur when the two tubes are 
equally inclined on opposite sides of the normal to R. 

Expt. 81. — Obtain two concave metal mirrors, and support these 
facing each other at about a metre apart. Place the iron ball, heated 
to redness, at the prin^pal focus of one mirror, and the black bulb of 
the eih$T thermoscope at the principal (bcu$ of the other. 
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It will be found that the ether thermoscope indicates a considerable 
rise of temperature when it is placed at the focus, but that when it is 
moved away from that point throuj;h a short distance, the temperature 
falls to its normal value. 

r 

(4) Thermal Radiations can be Refracted . — a continuous 
spectrum is formed in the usual way, using a prism to analyse 
sun- light, and various parts of the spectrum are successively 
thrown on the blackened face of a ihermojule, or, better still, on 
the small blackened co[)per disc of Hoys’s radio-micrometer 
(p. 410), various thermal effects will be indicated. Starting at 
the violet end of the spectrum, a very small heating effect will 
be observed. Proceeding toward the red end of the spectrum, 



Fig, 'J05, — ArrangomriU f<jr examining the law t;f reflection of thermal radiation. 

the heating effect becomes greater and greater. When the 
limits of the visible spectrum are reached, a consideral>le heating 
effect is indicated, and in proceeding beyond this limit the 
effect becomes greater still. 

In performing an experiment such as the above, it must be 
remembered that a substance which is transparent to one part 
of the spectrum, may be partially or totally o|)aquc to another 
part of it. Thus, a solution of magenta (or fuchsine) in 
alcohol is transparent to red light, but is opaque to the green 
and blue part of the spectrum. Similarly glass, which is trans- 
parent to those rays which arc capable of exciting a sensation of 
light, is opaque to that part of the spectrum which extends beyond 
the red limit of the visible spectrum, and which produces the 
greatest heating effect. Hence, when exf)eriments are to be 
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performed with regard to the infra-red spectrum, a prism of 
rock-salt, or sylvine (a crystalline variety of potassium chloride, 
possessing properties similar to those of rock salt), is used. 
These substances are transparent to the greater part of the 
infra-red spectrum. 

It has been found that if the radiation from a vessel filled with 
boiling water is analysed by means of a prism of one of the 
above substances, and examined by the aid of a radio-micrometer 
or a bolometer (pp. 410 and 404), such radiations are found to be 
deviated to a smaller extent than red light would be. It is 
proved, in works on Light, that blue light, which consists of 
radiations of short wave-length, is deviated by a prism to a 
greater extent than red light, which comprises radiations of 
longer wave-length. 

Hence^ since non’luminotts thermal radiations are deviated 
still less than red lights tve conclude that such radiations consist 
of very long waves. 

It must not be concluded that hot bodies alone emit thermal 
radiations. Langley has been able to measure the radiation 
emitted by ice, and by a still colder body, the moon. Indeed, 
the only condition in which a body would be incapable of emit- 
ting radiations, would correspond to its existence at the absolute 
zero of temperature. In this condition its constituent molecules 
would be absolutely quiescent, and consequently incapable of 
disturbing the luminiferous ether, and thus emitting radiations. 

If a white-hot body is gradually cooled, after a time the light 
emitted becomes red, and then vanishes. Thermal radiations 
are, however, still emitted. Conversely, as a body is heated, 
radiations of shorter wave-lengths are emitted. 

In order that a body should emit pure white light, it must be 
heated to about the temperatureof melted platinum. Thisisabout 
the temperature to which the carbon filaments in electric glow- 
lamps are raised. 

(5) Thermal radiations can be polarised . — It is also proved in 
works on Light, that the vibrations which constitute a light wave 
are performed in a plane at right angles to the direction of pro- 
pagation, at right angles tothe ray of light. In arayof light 
emitted from a candle, vibrations take place in all directions at 
right angles to the ray. This is indicated in Fig. 206 by the 
double arrows at rigift angles to each other. 
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When a ray of light is reflected from a mirror, the plane con- 
taining the ray and the normal to the mirror at the point of 
incidence is called the plane of incidence. 

Now it is found that if a ray of light is refico^ed, at a certain 
angle, from a sheet of blackened glass, only those vibrations 
which are perpendicular to the plane of incidence are reflected. 



Fi<i. 206. —Isometric projection of arrangement for showing the polarisation and 

extinction of light hy reflection. 


Thi s is indicated in Fig. 206 by the double arrow representing 
the single direction of vibration in the reflected ray. It is easily 
seen that these vibrations are parallel to the surface of the 
mirror. Those vibrations which, as it were, cut into the glass, arc 
absorbed. The ray of light, which now only possesses vibra- 
tions parallel to a certain direction, is said to be polarised by 
reflection. 

If this ray falls on a second mirror of bl^ck glass, at an equ.'U 
angle of incidence, those ybrafions which arc in the plA^e of 
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incidence will not be reflected. If the second mirror is arranged, 
as in Fig. 206, so that the vibrations of the polarised ray are in 
the plane of incidence, and therefore cut into the glass, an eye 
placed as showrawill be unable to see an image of the candle 
flame. The light has been polarised by reflection from the first 
mirror, and extinguished by reflection from the second 
mirror. 

If, now, a hot body is substituted for the candle flame, and a 
radio-micrometer for the eye in Fig. 206, it is found that the 
thermal radiations are extinguished in a similar manner. If the 
inclinations of the mirrors to the horizon are altered by a few 
degrees, it is found that thermal radiations now reach the radio- 
micrometer. In similar circumstances the image of the candle 
flame could be perceived by the eye. Hence, thermal radiations 
can be polarised like light waves. 

(6) Thermal radialions are firopagaled in space with a 
velocity equal to that of liy^ht . — This has been proved by 
observing that when a total eclipse of the sun occurs, thermal 
radiations cease to reach the earth at the instant when the 
light is extinguished. 

Finally, we see that we must consider non-luminous thermal 
radiations (or radiant heat) to consist of vibrations of the ether 
similar in every respect to light waves, except that the length 
of a wave is greater. Consequently, with an eye suitably con- 
stituted, we should be able, for instance, to see a person in 
a perfectly dark room, by virtue of the radiations emitted from 
his body. 

It is possible that animals which seek for their food in the 
night-time actually possess this capacity for perceiving objects 
by virtue of the thermal radiations emitted. 

(7) The heat produced per second^ at a surface of given area, 
by the absorption of thermal radiations emitted by a body at a 
constant temperature, is inversely prtportional to the square 
of the distance between the body and the absorbing surface. 

This can be proved by placing an electric glow-lamp at 
various distances from one face of a thermopile, and observing 
the galvanometer deflections produced. These deflections will 
be nearly proportional to the rate of absorption of thermal 
radiations, or to tjje heat thus produced. The face of the 
thcriijopilc used to absorb the radiations should be shielded 
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from air currents by means of a conical reflector (Fig. 184) ; the 
other face should be covered by a brass cap. If the outer sur- 
face of the glow-lamp is coated with dead black paint, a better 
result will be obtained. • 

The law above enunciated will be found not to hold when the 
distance between the lamp and the thermopile is made so small 
as to be comparable with the linear dimeosions of the lamp. 

Constitution of the Spectrum.— In some of the older 
text-books, it may be found stated that the spectrum consists of 
non-luminous actinic rays of short wave-length, of luminous rays 
of longer wave-length, and of thermal or dark heat waves of 
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Fig, 207.— Thermal, luminous, and chemical properties of different parts of the 

solar spectrum. 

Still greater wave-length. This classification is, however, 
essentially arbitrary. All rays of the spectrum are capable of 
producing chemical changes in certain substances. The ultra- 
violet waves were termed actinic on account of the accidental 
circumstance that these waves are very active in causing the 
blackening of silver chloride and silver bromide. On the other 
hand, it is yellowish-green light which is active in promoting 
the decomposition of carbon dioxide, effected by the chlorophyll 
in the leaves of plants ; and Captain Abney has been able to pre- 
pare photographic plates which are sensitive to non-luminous 
thermal radiations, so that 'a kettle of boiling water might be 
photographed in a dark room. 

Further, the absorption of light of any wave-length is capable 
of raising the temperature of the absorbing ^ody. 

Fig. 207 shows the luminosity, the heating capacity, anfi the 
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chemical activity (in regard to silver salts) of various parts of 
the solar s|>ectrum. The form of the luminosity curve depends 
on the nature of our eyes, and the chemical activity will vary 
with the nature aof the chemical compound acted upon. The 
“ curve of heat rays,” however, represents a definite physical 
property of sunlight. It represents the energy of the ether 
vibrations of various wave-lengths. 

Fig. 208 is taken from a paper by Dr. Snow,^ and represents 
the energy radiated from the heated vapours constituting the 



Fig. ao8. --Energy radiated from the heated ga.ses constituting the electric arc. 


electric arc (//<?/ the energy radiated from the heated carbons). 
The small scale, from H to A, at the bottom left-hand side of 
this diagram, represents the extent of the visible spectrum. 
Wave-lengths are plotted as abscissae, and energies as ordinates. 
The curve was obtained by the use of a spectrometer and a 
very sensitive modification of Langley’s bolometer. It at once 

1 " On the Infra-red Spe#ra of the Alkalies/’ by B. \V. Snow. Pk^skai /itvmv, 
vol. t. p^28. 1893. 
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becomes apparent that the greatest amount of energy was 
radiated in connection with short waves near the violet limit of 
the visible spectrum. It is these violet waves which give the 
light from an electric arc its characteristic colofcr. 

Diathermancy. — When white light passes through a 
material substance, some of the waves, of particular wave-lengths, 
may be absorbed, the transmitted light •consequently becoming 
coloured. In a similar manner, when non-luminous thermal 
radiations pass through a material substance, certain wave- 
lengths are absorbed, and others are transmitted. A substance 
which transmits radiations of a certain wave-length is said to be 
diaikermanotts for those radiations. A substance which absorbs 
radiations of a particular wave-length is said to be athermanotis 
for those radiations. 

An interesting example of the selective absorption (absorption 
of radiations of a particular wave-length) is furnished in the case 
of glass. A ray of sunlight is only slightly affected by passing 
through a sheet of glass, and the glass is scarcely heated. On 
the other hand, the use of glass for fire-screens shows that the 
radiations emitted by glowing coal are plentifully absorbed by 
glass. Further, a sheet of glass, after being held in front of a 
fire for a few minutes, becomes unpleasantly hot to the touch. 

Some substances lamp black) are generally athermanous, 
that is, they absorb radiations of all wave-lengths. 

Much interesting work has been performed in relation to the 
diathermancy of various substances. Until recently, however, 
investigators, almost without exception, omitted to determine 
the wave-length of the radiations with which they experimented. 
As a consequence, much confusion and many contradictory 
conclusions may be found amongst the results obtained by the 
earlier experimenters. This is hardly to be wondered at ; a 
similar confusion as to optical transparency would result if the 
wave-length or colour of the light used were not specified. In 
that event, an experimenter, who worked with red light, might 
have maintained that a solution of magenta was transparent, 
whilst another, who used green light, might have maintained, 
with equal justness, that such a solution was opaque. 

It will be proved later that the nature of the radiations emitted 
by a body depends on the character of fhe surface, and also 
on its temperature. Consequently much of the earlier work 
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respecting diathermancy must be taken as referring to radiations 
emitted by a certain surface, maintained at a specified tempera- 
ture. 

Melloni’s Baperiments. — Fig.209 represents the apparatus 
used by Melloni, set up, liowever, to determine the laws of 
reficction of thermal radiations. A is a lamp with a reflector, 
C is a screen with a circular aperture, I) is a table carrying a 
mirror, silvered and polished on its front surface, and E is a 



r It,. 2 ^:k). Aiciioni s apparatus. 

thermo|)ilo. 'I'he double screen Bis removed during the course 
of an experiment. Another screen intercepts direct radiations 
from the lamp to the thermopile. 

When investigating diathermancy, the mirror D was replaced 
by the thermopile E. 'I'lic double screen B being removed, 
radiations passed from the lamp or other source through the 
aperture in C, and finally fell on the blackened face of the 
thermopile. This latter was connected with a sensitive astatic 
galvanometer, and the consequent deflection of the latter was 
observed. IMates of various substances were then successively 
placed over the aj)crturc in C, and the deflections observed. 
I he amount by which the galvanometer deflections were 
diminished by covering the orifice in C with difterent plates 
gave a means of estimating the relative athermancies of the 
substaj^ces. 
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Rock-salt was found to be particularly transparent to thermal 
radiations, whilst a plate of crystalline alum was particularly 
opaque. Ice was found to be still more opaque. Distilled water 
was found to be exceedingly athermanous, V^ilst an aqueous 
solution of alum or sugar was slightly more^\diathermanous. 
This latter result, which h;is since been verified,'' disproved at 
very common belief (which has not quitb disappeared at the 
present day), that an alum solution is very opaque to ^^hcrmal 
radiations. ' 

Melloni considered rock-salt to be transparent to radiationk of 
all wave-lengths. Balfour-Stewart, however, showed that a pla? o 
of rock-salt is extremely opaque to the radiations emitted by a 
piece of heated rock-salt. This is an instance of the law, to be 
discussed later, that a substance is opaque to radiations which 
it emits when heated. 

Diathermancy of Gases. Tyndall’s Experiment^. 

— Previous to 1859, it was generally considered that gases were 
perfectly transparent to thermal radiations. In that year 
Professor Tyndall commenced an exhaustive series of experi- 
ments on the diathermancy of gases. The subject is one of 
great difficulty, since in most cases the opacity of a gas to thermal 
radiations is very small, and experiments may easily be vitiated 
by the effects of conduction and convection. 

To overcome these and other difficulties, the arrangement 
represented in Fig. 210 was used. The source of heat was a 
cube C of cast copper filled with water, which was kept boiling 
by the aid of a lamp. The radiating face formed one side of a 
metal vessel V, which was continuous with a short metal 
tube F. The end of this tube was separated by means of a 
plate of rock-salt from the experimental tube SS'. The vessel 
V could be exhausted, so that the radiations traversed a vacuum 
before entering the experimental tube. Conduction of heat from 
the metal cube C to the end of the experimental tube was pre- 
vented by the circulation of a stream of cold water round the 
vessel V. 

The end S’ of the experimental tube was also closed by a plate 
of rock-salt. After passing through the experimental tube, the 
radiations fell on one face of a thermopile P. The deflection of 
the galvanometer with which P was connected, was dependent 
on the difference in temperature between the two opposites faces 
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of the thermopile. Hence, by placing a second cube full of 
boiling water C' opposite the back surface of the thermopile, and 
partially screening the latter by means of the plates E, the needle 
of the galvanomiter could be brought to its zero position. 

An experiment was performed in the following manner. The 
experimental tube SS' was thoroughly exhausted, and the cubes 
C and C' having attained their final temperatures, the screens E 
were adjusted to cut off part of the radiation falling on the back 
surface of P, until the galvanometer needle was brought to its 
zero position. Pure dried gas was then introduced into the 



Fig. 210.— Tyndall’s arrangement for investigating the diathermancy of gases. (P.) 


experimental tube. Any deflection of the galvanometer thus pro- 
duced must have been due to the absorption in the experimental 
tube of the radiations emitted by C. 

It was found that the introduction of oxygen, hydrogen, nitro- 
gen, or air produced an almost inappreciable effect. When, 
however, the tube was filled with olefiant gas, more than 
70 per cent, of the total radiation was found to be absorbed. 
Carbon dioxide and ammonia were also found to absorb thermal 
radiations very strongly. 

The following table gives the percentage of the total radiation 
emitted by the cube C, which was absorbed by a column, four 
feet long, of various ^ases at atmospheric pressure. 

• G G 
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Substance 

Percentage 
of EnerCT 
absorbed. 

Substance. 

- - - - - - - 

Percentage 
oC Ener^ 
absorbed. 

Air ..... . 

•08 

.Carbon dioxide . . 

7*1 

Oxygen .... 

•08 

Nitrous oxide . . 

28 

Nitrogen .... 

•08 

Sulphuretted hydro- 


Hydrogen .... 

*08 

gen 

31 

Chlorine .... 

3*1 

Marsh gas .... 

32 

Hydrochloric acid 


Sulphurous acid . . 

56 

gas 

4*9 

Olefiant gas . . . 

71 

Carbonic oxide . . 

7 * 

Ammonia .... 

94*5 


The diathermancy of various vapours was also examined. A 
tube K, Fig. 210, provided with a stop-cock, was partly filled with 
the liquid the vapour of which was to be examined, and the 
space above the liquid was then exhaused of air. The stop-cock 
having been closed, the tube K was screwed in position, and the 
experimental tube was exhausted. The needle of the galvano- 
meter having been brought to rest by the adjustment of the screen 
E, the stop-cock with which the tube K was provided was 
opened, and the vapour of the liquid thus allowed to fill the 
experimental tube. Absorption of the radiations was indicated, 
as in the cases where gases were used, by a deflection of the 
galvanometer needle. 

It was found that the percentage of the total radiation which 
was absorbed was dependent on the temperature of the source. 
Thus, some substances absorbed a great part of the radiation 
emitted by a platinum spiral heated by an electric current so 
as to be just faintly luminous, whilst a much smaller proportion ot 
the total radiation emitted by the spiral at higher temperatures 
was absorbed. 

Tyndall also found that certain perfumes exhibited marked 
absorptive properties. In some cases the merest trace of a 
perfume produced appreciable effects. This is not altogether 
without parallel, for ‘oooooi gram of magenta dissolved in a cubic 
centimetre of water acidulated with a little acetic acid produces 
a marked colouring. Tyndall’s results, however, need verification. 

Aqueous Vapour. — Tyndall found that when the experi- 
mental tube was filled with air saturated •with aqueous vapour, 
the absorption was 72 times as great as if the tube had been 
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filled with dry air. In other words, a column of air saturated 
with aqueous vapour, possessing a length of about four feet, 
absorbs about 5 per cent, of the radiation emitted by a heated 
metal surface. • 

The same subject has also been experimentally investigated 
by Magnus and others. Magnus found that dry air was 
slightly opaque to thermal radiations, whilst the absorption was 
unaffected by the presence of aqueous vapour. On the whole, 
however, Tyndall’s experiments have the appearance of being 
most trustworthy. 

More recently Rubens and Paschen have found that when 
thermal radiations, which have been passed through a vessel 
containing saturated aqueous vapour, are analysed by a prism 
of sylvine, and the resulting spectrum is examined by the aid of 
a sensitive bolometer, certain well defined absorption bands can 
be detected, thus showing that aqueous vapour is opaque to 
radiations of certain wave-lengths, but, comparatively speaking, 
transparent to those radiations forming the greater part of the 
spectrum. 

Discrepancies between the results obtained by different 
experimenters may therefore have originated in the employment 
of radiations of different wave-lengths. 

Radiation of “Cold.” 

Expt. 82. — Place a block of ice at a short distance from one of the 
blackened bulbs of the differential air thermometer described on p. 438, 
the other bulb being surrounded by a tin can. It will be found that 
the motion of the column of coloured water indicates that the exposed 
bulb has been cooled, as though cold ” were radiated from the ice. 

The true explanation of the above experiment is as follows : 
When the exposed bulb of the thermometer was surrounded by 
bodies at a temperature equal to its own, radiations were 
emitted by the bulb to the surrounding bodies, whilst radiations 
emitted from those bodies were absorbed by the bulb, so that its 
temperature remained constant. The block of ice served to 
screen the black bulb from the radiations emitted by surround- 
ing bodies, so that more energy was radiated from the bulb than 
was received by it. Consequently the bulb was cooled. 

Theory of Batojiangee.— The above explanation of the 
cooling of a body when placed in the neighbourhood of a cold 

G G 3 
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body, was given in 1792 by Provost of Geneva. It is seen to 
depend on the assumption that when a number of bodies are 
placed in the neighbourhood of each other, each body emits 
radiations in all directions, and at the same tfene absorbs radia- 
tions emitted by the surrounding bodies. Thus a system of 
exchange is in action. 

The foundation for this theory will be understood from the 
following reasoning. If a number of bodies, initially at different 
temperatures, are placed in a vessel, the walls of which are im- 
pervious to heat, then if no heat is generated in the inclosure, the 
bodies will finally attain a uniform temperature. This will happen 
whether the bodies are surrounded by air and placed in contact 
so that convection and conduction of heat may occur, or 
whether they are hung by fine silk fibres, and the space 
separating them is exhausted of air, so that energy can only 
enter or leave a body in the form of radiations. 

Now, at a constant temperature, the energy possessed by 
the vibrating molecules of a body must possess a constant value. 
But the moving molecules of a body disturb the ether, and so 
generate waves which carry energy away from it. Therefore if 
no energy were communicated to the body its temperature 
would continually fall. Consequently, since the temperature or 
the body remains constant, energy must be absorbed at a rate 
equal to that at which it is radiated. Finally, since energy is 
suffposed to be unable to pass through the walls of the inclosure, 
the energy absorbed by a body must have been radiated by the 
other bodies contained in the inclosure. 

Application of Prevost’e Theory.- (1) Let us suppose 
that two masses of silver, one possessing a polished surface, 
whilst the surface of the other has been covered with lamp 
black, are placed in the same inclosure. A polished silver 
surface is known to reflect the greater proportion of the radia- 
tion which falls on it. Consequently the body with the polished 
silver surface can absorb only a small amount of the energy 
radiated by the other body. Therefore, in order that its tem- 
perature should not fall, it must radiate only a small amount of 
energy. In other words, a surface which has an inferior 
absorbing capacity will also possess an inferior capacity for 
emitting radiations. ^ 

On the other hand, the blackened surface which absorb^i nearly 
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all the radiations which fall on it, must also emit radiations 
freely, or the temperature of the body would continually rise. 

Therefore, a surface which absorbs radiations freely must also 
be able to emit r.'»iiations freely. 

hxi’T. 83. — Take a sheet of tinfoil, and cover one surface with a 
coat of mercuric iodide ground up with water containing a little gum. 
(Mercuric iodide is a scarlet powder 
at ordinary temperatures, l)ut becomes 
yellow when heated to 150° C.) Paint 
any design with dead black paint on 
the other surface of the tinfoil. Heat 
a flat piece of iron to a red heat, and 
hold it, at a distance of alxnit two 
inches, in front of the design on the 
polished surface of the tinfoil. Aftei a 
short time, the design will lx; seen to 
be reprtxiuced in yellow on a scarlet 
grountl on the other side of the tinfoil. 

This proves that a black surface al)sorbs 
thermal radiations more readily than a 
polished surface. 

K.xrr. 84. — Obtain a biscuit tin, 
fit the lid on it, anti bore a hole in the 
latter for the introduction of water. 

Coat one face with dead black paint, 
and leave the op[X)sitc one polishctl. 

The two remaining faces may lx; res- 
pectively coated with paper and shellac 
varnish. You have thus made a Leslie's 
ctibe. 

Turn up the Imlbs of the differential 
air thermometer so as to assume the 



positions shown in Fig. 21 1. Place 

the Leslie’s cube between the two Kio. an.- Arr.nnRcmenl forshow- 
, ,, . , , , , , , e "'H a black surface emits 

bulbs, with the bl.ackcned surface radiations more re.ndily than a 

towards one bulb and the bright polished one. 

surface towards the other. Pour boil- 


ing water into the cube. Both surfaces of the latter will now ba 
at the same temperature, but the motion of the licpiid in the mano- 
meter at once indicates that more heat is generated by the absorption 
of the radiations cmittfjd l>y the black surface of the cube than from 
those ei^iitted by the bright surface. 
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Since the black surfaces of the thermometer bulbs absorb all 
radiations which fall on them, it follows that the black surface of 
the cube emits radiations more readily than the opposite polished 
surface. c 

Expt. 85. — Obtain a piece of a white china plate possessing a dark 
design (A, Fig. 212). The dark |)arts of this design absorb light, whilst 
the white parts simply scatter the light falling on them. 




A B 

Fic;. 212,— Piece of “ willow pattern " china— (A) when cold ; (B) when raised to a 

high temperature. 


Now heat the piece of plate in a furnace. On removing it, it will be 
seen that the pattern is reversed (B, Fig. 212), the black parts now 
appearing Vjright, and the white parts dark. 

This experiment shows that the same kind of radiation is 
emitted from a surface as is absorbed by that surface. 

(2) Let us suppose that two pieces of rock-salt, at different 
temperatures, are placed in an inclosurc, which is freed from 
air and provided with non-conducting walls. Then, since both 
pieces of rock-salt ultimately attain a common temperature, 
energy must be radiated from the hot to the cold piece. 
But rock-salt is transparent to most non-luminous thermal 
radiations, r>., such radiations will pass through it without 
being absorbed, and therefore without raising its temperature. 
But since the hot piece of rock-salt cools, thermal radiations of a 
certain wave-length must be emitted from it. And, since the 
cold piece of rock-salt is at the same time heated, the radiations 
emitted by the hot piece of rock-salt must be absorbed by the 
cold piece. 
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Hence, we see that theory indicates that the same kind of 
radiation which is emitted from a surface can also be absorbed 
by that surface. 

ESmissivity a Surface. — The quantity of energy given 
up by unit area of a surface in one second, per unit difference of 
temperature between the surface and surrounding bodies, is 
termed the emissivity of the surface. 

The first trustworthy experimental determination of the 
emissivity of a surface was made by Dr. D. M’Farlane, under 
the direction of Lord Kelvin, in 1871. A copper sphere with a 
blackened surface was hung inside a double-walled tin-plate 
vessel, the inside being coated with lamp black, and the space 
between the walls filled with water. The temperature of the 
sphere from moment to moment was observed by the a.d of a 
thermo-couple, one junction of which was inclosed in the 
sphere. 

Dr. Bottomley has more recently determined the emissivity 
of a long platinum wire stretched inside a copper cylinder which 
was blackened on its inside surface. The wire W’as heated by 
means of an electric current, and when a steady state was 
attained, the electrical energy dissipated in any time in the wire 
must be emitted by the surface of the wire in the form of radia- 
tions, or carried away by conduction and convection. 

Quite recently Mr. J. E. PetaveP has attacked the same 
problem in a similar manner. A piece of platinum wire of 
about one square millimetre sectional area was heated 
by an electric current. The energy dissipated by the surface of 
a given length of the wire was obtained by multiplying the 
difference of potential between the extremities of this length of 
wire, by the current, which flowed through it. Both the last 
mentioned quantities were directly observed. From the same 
data the electrical resistance of the wire was calculated, and the 
temperature of the wire was then determined in the manner 
described in connection with the platinum pyrometer (p. 400). 

The emissivity of the platinum surface, in therms per sq. 
cm. per second per degree centigrade difference of temperature, 
between the wire and the walls of its enclosure, when the wire 
was surrounded by gases at various pressures, is exhibited in 

^ "On the Heat Dissipated by a Platinum Surface at High Temperature!,^ 
J. E. Petavel. Phil. Ttwu., vol. 191, pp. 301-584. 1898. 
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Fig. 213. The high emissivity when the wire was surrounded 
by hydrogen is specially noticeable. It may further be remarked 
that the presence of moisture in the air increased the emissivity. 


f 



Fic. 213.— Emissivity of a platinum surface, in different gases. (Petavel.) 


Laws of Cooling^. — Many attempts have, from time to 
time, been made to determine experimentally the relation between 
the rate of cooling of a body in a vacuum and the temperature 
of the body. 

Netvtot^s Lavj of Coolings vi/., that the heat radiated per second is 
proportional to the difference of temperature between the body and its 
surroundings, has already been mentioned (p. 129), The law repre- 
sents the results of experiments at low temperatures, but fails when the 
temperature of the radiating body is high. 

Dulong and Petit executed a number of experiments relative to the 
rate of cooling of mercury in glass thermometers when placed in a 
vacuum. These experiments were naturally subj!:ct to the errors iaci* 
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dental to the use of mercury thermometers for the measurement of 
temperatures. Further, no great range of temperature could be obtained. 
As a result, they proposed the formula 

• R = E,.i-oo77T 

where R is the rate at which energy is radiated from the body at an 
absolute temperature T, and Ej is a constant. This formula does not 
agree with the results of experiments at high temperatures. 

From the results of Dulong and Petit’s experiments, Siefan proposed 
the formula 

R = E^T^ 

where R and T have the same signification as above, and E4 is a con- 
stant. This law has been verified on theoretical grounds, but is not in 
agreement with the exj3erimental results obtained by some investigators. 

Stefan’s “ fourth power law ” does not mean th.at the rate of cooling 
of a body is proportional to the fourth power of the temperature, but 
that the amount of energy radiated per second is proportional to that 
quantity. If a body at an absolute temperature Tj is placed in an 
inclosure exhausted of air, and the walls of the inclosure are maintained 
at an absolute temperature Ta. then, since the walls are radiating energy 
to the body at a rate projxjrtional to T2*, we have 

Rate of cooling of botly = C(T|* - T/) 

where C is a constant. 

H'cber has proposctl the law expressed by 

R = E, . T . I '00043T 

where 1% is a constant. 

The most satisfactory methods of experimentally determining 
the law of radiation of energy are : — 

(1) To determine the amount of electrical energy dissipated 
in a platinum wire, maintained at a high temperature by means of 
an electric current, after the manner described above in connec- 
tion with Petavel’s experiments, except that the wire is placed 
in an inclosure freed from air as perfectly as possible. It is 
impossible, however, to obtain a perfect vacuum, and any 
residual gas will tend to conduct heat away from the wire. For 
very high temperatures, the platinum will itself be vaporised. 
Hence, when this method is used, the results obtained will give 
too great a rate of radiation for a given temperature. 

(2) The radiation^ emitted from a wire maintained at a known 
temperature by means of an electric current, may be received on 
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a bolometer or other sensitive radiometer. In this case, all 
the radiations may not be absorbed by the blackened surface oi 
the radiometer, so that too small a rate of cooling will result. 

Temperature of the Surface of th^ Sun.— One of 
the chief sources of interest in connection with laws of cooling 
is that they afford us, in conjunction with other experimental 



FiCf. 214.— Pyrohcliorncter. 


data, a means of estimating the temperature of the sun’s 
surface. 

If we knew the rate at which thermal radiations are ennittod 
from unit area of a body for all temperatures, and could experi- 
mentally determine the amount of energy emitted per second, 
from the surface of a body of known size, then it is plain tliat 
we could obtain the temperature of the surface of that body. 

The amount of energy radiated from the sun per second has 
been determined by Pouillet, using an instrument called the Pyro- 
heliometer. This instrument is represented m Fig. 214. Ijt con- 
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sists of a flat cylindrical vessel of platinum, attached to and in 
internal communication with a metallic tube, which ends in a 
circular disc. The diameter of this disc is equal to that of the 
cylindrical vessel. The vessel and tube are filled with mercury, 
the temperature of which is indicated by a thermometer in the 
tube. The top surface of the cylindrical vessel is coated with 
lamp black. 

In making an observation, the initial temperature of the 
mercury, as indicated by the thermometer, is observed, and the 
black surface of the cylindrical vessel is then turned toward the 
sun, and adjusted so that the shadow of the vessel just covers 
the disc at the end of the tube. In this position the solar 
radiations fall vertically on the black surface, and are absorbed. 
After a certain interval of time the black disc is covered with 
a cap, and the mercury is shaken up so as to ensure that the 
whole is at a uniform temperature. This temperature is 
observed by the aid of the thermometer. A correction for loss 
of heat by radiation may be applied, using the method explained 
on p. 1 3 1. The mass and specific heat of the inclosed mercury 
being known, the amount of heat generated by the absorption of 
the solar radiations falling on a surface of known area in a 
known interx^al of time can be calculated. 

From this, the total amount of energy which passes, in one 
second, through the entire surface of an imaginary sphere of 
which the sun is the centre, and the distance from the sun to 
the earth is a radius, can readily be calculated. This latter will 
be equal to the energy leaving the sun’s surface in a second, and 
thus the energy emitted from each sq. cm. of the sun’s surface 
per second can be calculated, the diameter of the sun being 
known. 

Now, from the law of cooling adopted, the temperature 
corresponding to the above rate of emission of energy per unit 
area of a body can be determined. For instance, assuming 
Stefan’s fourth power law to be correct, and that the rate of 
radiation from the surface of a platinum wire at some high 
temperature is known, we can calculate the temperature at which 
the rate of radiation would be equal to that found for the sun’s 
surface. The value so obtained will be equal to the temperature 
of the sun’s surface. 

Using Newton’s law of cooling, a temperature of 1,000,000° C. 
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is thus found for the sun’s surface. This value is unquestionably 
too high. 

The following table, taken from an account of a lecture* 
delivered at the Royal Institution by Professor C^allendar, gives 
the temperature of the sun’s surface as deduced with the aid of 
the various laws of cooling mentioned. The value deduced 
from Rosetti’s experiments is probably much too high, whilst 
that deduced from Dulong and Petit’s cooling formula errs in 
the opposite direction. 

The Temperature of the Sun’s Surface deduced from 
Various Laws of Cooling. 


Observers 
and date. 


Temperature 
measured by 


Radiation 
observed by 


Formula 

proposed. 


Solar 

temp. 

deduced. 


Dulong and 
Petit (1817) 

Rosetti 

(1878) 



Stefan 1 
(1878) / 

Schleier- 1 
macher !- 
(1885) ) 

Weber 1 

(1888) J 


Bottomley 

(1888) 

Paschen 

(1893) 

Wilson and 
Gray (1897) 

Petavel 

(1898) 



Mercury 

thermometer 

Mercury 

thermometer 


Rate of 
cooling in 
vac. 

Thermo- 

pile 

Sb-Bi 



! 

I 


Ej 10077T 


£3!^ (nearly) 


No exjjcriments made. 


EJ* 


Platinum 

resistance 



Heat loss ' 
C*R in 
vac. 


E4T^ 


No experiments made. 


EjT I *00043^ 


Platinum 

resistance 

Thermo- 
couple 
Pt-Pt Rh 

Platinum 

expansion 

Platinum 

resistance 



Heat loss ' 
Cn< in 
vac. 


V Bolometer. . 


^ f Radio- 
V -I micro- 
^ ( meter 

1 Bolometer. 




E#T»' 7 * 

EJ* 

EsT»* 


'’C. 

1,900 


12,700 

6,900 

6,900 

2*450 


4,000 


4,000 


6,900 


4,800 


I Sec Nature, vol. w, March, 23, 1899, p. 195. 

* Formulae deduced by Professor Callendar from obsenrations of the authors 

mentioned. 
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Summary. 

Radiation. The molecules of a heated body being in motion, the 
luminiferous ethef in their neighbourhootl l>ecomes disturbed, and 
waves are produced, which, if of certain wave-lengths, are capable 
of detection as light. The longer waves are termed non- luminous 
thermal radiations. 

Non-Luminous Radiations possess the general properties of 
light waves, being capable of reflection, refraction, polarization, &c. 
If light waves are absorlxjd, heat is produced in the absorbing body. A 
similar production of heat, attends the absorption of non-luminous 
radiations. 

Diathermancy is the name given to the degree of transparency of a 
substance, with respect to thermal radiations. Substances which absorb 
thermal radiations are said to be athermanous. 

Air, oxygen, nitrogen, and hydrogen arc almost transj:»arent to 
thermal radiations. If this were not the case, hardly any heat could reach 
the earth from the sun. 

Theory of Exchanges. Any body, not at the absolute zero of 
temperature, emits radiations. In a slate of thermal equilibrium, the 
amount of energy radiated |>er second from a body is equal to the 
energy absorlwd by it in the form of radiations from surrounding bodies. 

The Emissivity of a surface is equal to the net amount of energj’ 
radiated from unit area of the surface in one second, per unit differ- 
ence of temjMjrature betw’een the surface and surrounding Ixxlies. 

The Pyro-heliometer is an instrument for determining the energy 
radiated from the sun which falls on unit area of a body on the 
earth. From a knowledge of the al)ove quantity, together with the 
assumption of some law of cooling at high temperatures, the 
temjierature of the sun may be estimated. 

Questions on Chapter XXL 

( 1 ) Descrilie the details of an experiment to investigate the law's of 
the refraction of non-luminous radiation. 

(2) Describe carefully experiments which have been made on the 
absorption of heat by vapours, dealing specially with the error which 
may arise through the absorption of heat by films of liquid through which 
the radiation passes. 

(3) Describe convenient apparatus for investigating the laws of the 
reflection and refraction of non-luminous radiations, and give the general 
results which have belin arrived at. 
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(4) Describe in detail experiments to prove Inat bodies transparent to 
light may absorb invisible radiations in very different degprees. 

(5) State Prevost’s theory of exchanges, and show how it follows from 
the theory that the radiating and absorbing powers eof a surface at a 
given temperature are the same. 

(6) Describe the most important experimental results on the absorp- 
tion of radiation by gases. 

(7) How would you propose to determine the quantity of radiant heat 
received from the sun on a square inch on the earth’s surface ? 

(8) What is meant by the theory of exchanges ? 

Account for the fact that good radiators are also good absorl)ers. 

(9) Describe any method by which the rate of radiation received 
from the sun has been determined. State briefly the reasons for the 
conclusion that all the radiation measured is of one kind, differing only 
in wave-length. 

(10) State Prevost’s theory of exchanges. Describe and discuss 
experiments which illustrate it. 

(11) Describe experiments which have been made to determine the 
law of radiation from heated surfaces. 

Give an account of some method by which it has been sought to 
measure the temperature of the radiating surface of the sun. 

(12) A wire *1 cm. in diameter, carrying a current of 10 amperes, is 
found to reach a steady temperature of 100 ° C. Assuming the specific 
resistance of the material as 2*l x lo"** ohms per cm. cube, and the 
value of J as 42 x 10* ergs, determine the 'amount of heat emitted at 
100* C. by a square centimetre of the surface. 

Practical. 

(1) Given a Leslie cube, a thermopile, and a galvanometer, find the 
relation between the radiation from the cube, and the excess of temjxjra- 
ture above the surroundings. 

(2) Measure and plot the radiation of a tin of boiling water at differ- 
ent distances from a given thermopile. 

(3) Compare the radiating powers of two given surfaces by means of 
a thermopile. 
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(1) Show in a general manner that according to the kinetic theory 
of gases the pressure is proportional to the mean kinetic energy of 
agitation, and establish Avogadro’s law as a consequence of the theory. 

(2) Show how to obtain the gaseous laws of Boyle, Charles, and 
Avogadro from the principles of the kinetic theory of gases. 

(3) Obtain a formula giving the value of J in terms of the pressure, 
temperature, and density of a mass of gas, and the difference between 
its two specific heats. What experiments are necessary to justify the 
assumption made in obtaining the formula ? 

(4) Kxplain how the thermal equivalent of mechanical energy maybe 
derived from a knowledge of how much heat is required to warm a 
given quantity of gas a given number of degrees, first w’hen pressure on 
it is kept constant, and next when it is heated in a closed inexpansiblc 
vessel. 

(5) What is meant by an isothermal curve? Indicate the form of 
.such a curve (l) for a gas, (2) for a vajwur, tracing the curve in the 
latter case from the condition of unsaturated vapour to that of complete 
liquefaction, and explain how the work done in compressing the gas or 
va|x)ur may be represented in either case. 

(6) Define the terms work, force, pressure. Show that if a piston 
is moved along a cylinder against a constant pressure, the work done in 
a stroke is equal to the product of the pressure into the volume sw’ept 
out by the piston. Explain clearly the units in which the work will be 
given by this calculation. 

(7) Prove that the ratio of the two specific heats of a gas at constant 
pressure and volume respectively is the same as the ratio of its adiabatic 
and thermal elasticities. 

(8) Find the equation of an adiabatic of a refractory gas, such as air. 

(9) What are the properties which determine the velocity of sound in 
a solid, a liquid, or a gas ? Explain why Newton’s value of the velocity 
of sound in air diflcrs^from the true value. Calculate the Newtonian 
velocity of sound in a gas whose density at standard pressure and 
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temperature is i kilogram per cubic metre. What would you expect 
the true velocity to be ? 

(to) If a quantity of air at 15“ C. is suddenly compressed to half its 
volume, show how to calculate the temperature iu will momentarily 
attain. Explain the importance of this knowledge in the theory of 
sound propagation. 

(Ii) What effect does pumping half the air out of a closed vessel 
produce on the velocity of sound passing through it? Also, what is the 
effect of compressing the air? (The temperature in both cases is 
supposed to l)e constant. ) 

{12) The specific gravity of a certain gas, un<ler a pressure of 75 
cms. of mercury at 0° C., is one-thousandth that of water. What is 
the velocity of sound in it at that temperature ? What is it also at ibc 
temperature lOo"? Examine whether altering the pressure on the gas 
will affect the velocity. (Take the ratio of the two specific heats as 1*4.) 

(13) How does the velocity of sound through different gases at the same 
temperature and pressure depend upon the density of the gas ? Describe 
a simple experiment by which you could prove that the velocity of sound 
through coal-gas is not the same as the velocity through air, 

(14) Descrilje the various methods employed to determine the ratio 
of the specific heats of gases. What inference as to the constitution of 
the molecule of the gas is sometimes drawn from these measurements? 

(15) Explain the po.ssibilily of the artificial production of cold by the 
performance of mechanical work on a suitable sul)stance. If ordinary 
dry air at ten atmospheres is suddenly released, explain how the 
reduction of temperatures can be calculated. 

(16) What is meant by the statement that the specific heat of 
saturated steam at 100'’ is negative ? 

Assuming that steam obeys the gas laws, show that the work done in 
changing the volume of i gram of steam at 100° and 760 mm. to the 
volume of loi" and 787 mm. (the .saturation prcs.sure at loi^), is more 
than sufficient to supply the heat needed for the rise in t«m|>erature, the 
specific volume of steam at 100 being taken at 1,700, and its specific 
heat at constant pressure as 0'48. 

(17) A cylindrical calorimeter, outside diameter 20 cms., is suspended 
by a single wire so that it is capable of rotation alx>ut its axis, which is 
vertical. A paddle is rotated within the calorimeter at the rate of 
1,500 turns per minute, and the calorimeter is kept from rotating by 
means of two fine strings which are wound round the outside of the 
calorimeter on opposite sides and then pass over two pulleys and have 
each a weight of 200 grams attached. If the mechanical equivalent 
of heat is 4*189 x 10% and g is 981, find the Jieat (in gram -calories) 
developed in the calorimeter in each second. 
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(18) If we take v in the equation of an ideal gas, /t/ = RT, to be the 
volume of m grams of a gas of which the molecular weight is show 
that R is the same for all gases, and find its value in C.G.S. units, 
given that the density of hydrogen at 0“ C. and a pressure of one 
megadyne [10^ dynes] per sq. cm. is 0*0896 grams per litre. 

( 19) Describe Victor Meyer’s method of measuring vapour density. 

An experiment made by this method gave the following num^rs. 

Calculate the vapour density of the substance ; — 

Weight of liquid = 0*119 gram. 

Volume of air driven off (collected over mercury) = 38 c.c. 

Temperature of air = 1 5° C. 

Height of the mercury surface inside the measuring tube above the 
free surface = S cms. 

Height of the barometer = 75 cms. 

(20) By what prticesses does hot water standing in an open ves el 
lose heat ? Describe experiments by which the existence of the several 
causes of loss can be determined. 

(21) A glass bulb of 100 c.c. capacity is connected to a vertical tube 
3 mm. in diameter dipping in a dish of mercury. The mercury stands 
at the top of the tulie at a height of 30 cms. , when the bulb is at o’’ C. 
When the bulb and tube are surrounded by steam at atmospheric 
pressure of 760 mm., the mercury is observed to fall to 14 cms Find 
the coefficient of dilatation of the gas in the bulb, neglecting the ex- 
pansion of the glass. 

(22) Define the thermal conductivity of a sulxstance. A glass 
vessel with an area of too .sq. cm.s. , i *5 mm. thick, is filled with ice and 
placed in a vessel kept at a temperature of 100® C. Find how many 
grams of ice will melt per minute when the flow of heat has become 
steady 

Latent heat of ice = 80. 

Conductivity of glass = o 00185 <'*.?'• -y* 

(23) Find the efficiency of an air engine using one pound of coal per 
horee-power hour, and comjmre it with that of perfect reversible 
engine, assuming that the heater is at 1,000° C., and the refrigerator 
at 0“ C., and that the thermal value of the coal is 8,000 calories 
per gram. 

(24) A piece of sulphur weighs 50 grams in air, and has a volume of 
25 C.C., when the temperature is 17° C. and pressure 74 cms. What is 
its true weight, the density of air being 0*00129 g*^t*** 

76 cms., the coefficient of expansion of air 1/273, ®^wd the density of 
the brass weights 8*0 grms. per c.c. ? 

(25) A glass globe coi^tains unsalurated moist air, and the pressure 
is so a^usted that on opening a stop-cock communicating with the 
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external air, a very slight cloudiness is produced. Show that, if the 
initial and final pressures of the air and its hygrometric state are known, 
we can calculate the ratio of the specific heats for the. moist air. 

(26) Explain the cause of draught in chimneys. What average excess 
in temperature, in a chimney 136 feet high, would in ordinary circunj- 
stances produce a pull measured by i inch on the water gauge ? 

(27) A thoroughly jacketed vessel contains a liquid in which a spiral 
of wire is immersed. An E.M.F. of 20 volts is applied to the ends of 
the spiral, and a current of 2 amperes passes through it. Five grams 
of the liquid are boiled away every minute after steady boiling has l>egun. 
What is the latent heat of vaporisation of the liquid? 

(28) A watch has a non-compensated brass balance wheel and a 
steel balance spring. How many seconds will it lose per day for l" 
rise of temperature if the coefficient of linear expansion o^ brass is 
18 -r lo®, and if Young’s modules for steel at f is 

2 X IO»(l - ? 

{29) Find the number of watts in one Horse Power, given i foot = 
30*48 cm. ; 1 lb. = 453*6 gms. : g = 981 cm./sec.^. 

Electrical energy is sold at the rate of 4^^, per kilowatt-hour. The 
mechanical equivalent of the heat given by the burning of coal worth 
4^/. is 10* foot-lbs. Compare the prices of the two forms of energy. 
Why is electrical energy so much dearer than coal energy? 

130) A closed porous pot filled with air is provided with a mano- 
meter. Describe what are the indications of the manometer if the pot 
is suddenly surrounded by and kept in {a) coal gas, (^) carbonic acid. 

Give some explanation on the Kinetic Theory. 

(31) A tuning fork gives a particular note at 15°. It is put in Injiling 
water, and immediately after it is taken out its frequency is lowered 
one per cent. The coefficient of linear expansion of the metal is 
12 -T- lo*. What is the temperature change in the elastic constant ? 

(32) Describe and discuss the experiments of Joule and Thomson on 
the flow of gases through a porous plug. 

What bearing has the Joule-Thomson effect on the methods now used 
for liquefying gases ? 

(33) Enumerate the principal corrections to be applied to the reading 
of a mercury thermometer, and indicate briefly the manner in which 
they may be determined. What will l)e the reading of an accurate 
mercury thermometer if the bulb is at 300* C., and the stem from o® 
upwards at 20® C. ? The coefficient of expansion of mercury may be 
taken as 0*000187, and the linear coefficient of glass 0*0000090. 

(34) Explain carefully the method of determining the pressure- 
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coefficient of a gas by means of the constant-volume thermometer. 
If, in this method, one per cent, of the volume of the gas is exposed 
to a temperature of 20° C. throughout the observations, find what 
correction must b^ applied to the pressures observed at 0° and too'* C. 

( 35 ) Describe how you would determine the specific heat of ice and 
its latent heat of fusion. What are the principal precautions required 
for obtaining an accurate result ? 

(36) The volume of a gas is suddenly increased by onej^er cent., and 
the immediate fall of pressure is observed. The gas is then raised to 
its original temperature at constant volume, and the increase of pressure 
measured. Show how to find the ratio of the specific heats from these 
observations. 

(37) State Newton’s law' of cooling, and explain its limitations. 
How can it be reconciled with the law that the radiation from a black 
body varies as the fourth power of the absolute temperature ? 

(38) Draw a diagram showing the general form of the isothermals, 
including both liquid and vapour, and explain which |X)rtions of the 
diagram correspond to liquid, saturated vapour, and coexistence of 
liquid and saturated vajwur. 

What evidence is there for the idea that the true form of the part of 
the isothermal corresponding to the coexistence of liquid and vapour is 
not a straight line ? 

(39) Describe, illustrating your answer by a diagram, exactly w’hat 
happens when a solution of common salt is cooled from o" C. to such a 
temperature that the whole solidifies. 

(40) Explain how the real coefficient of expansion of mercury has 
been determined. 

(41) What is meant by the hygrometric state of the air? 

Describe how the dew-point can be measured, and show that know- 
ing the dew-point and the temperature of the air we can calculate the 
hygrometric state. 

(42) Discuss the relative advantages of thermo-electric and platinum- 
resistance methods for different kinds of temperature measurement. 

(43) How is the validity of Dulong and Petit’s law of atomic heat 
affected by the variation of specific heat with temperature and by the 
state of aggregation of the element considered ? 

(44) Describe a continuous process of liquefying air. What special 
difficulties are encountered in the application of the method to 
hydrogen ? 

(45) Give some account of recent investigations of the mechanical 
equivalent of heat, excluding electrical methods. 

(46) Explain the principle of Fairbairn and Tate’s method of measur- 
ing the density of saturated steam. Criticise the method carefully, and 

• H H 2 
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explain how the density may be deduced theoretically from other 
measurements. 

{47) If the thermal conductivity of ice is 0*0050 C.G.S.,- find the rate 
at which the ice on a pond will increase in thickness if the air in contact 
with upper surface of the ice is maintained by radiation, &c., at a 
temperature pf 20° below zero G. Plot a curve showing how the rate 
varies as the thickness of the ice increases. 

(48) A metal ball at a temperature of C. is placed in the middle of 
an enclosure, of which the walls are maintained at 0° C. ; six minutes 
afterwards the temperature of the ball is 300° C., and after another 
minute it is 250® C. Find the value of assuming Newton’s law of 
cooling. 

(49) Show how the rise in temperature when a gas is forced through 
a porous plug may, by use of the second law of thermodynamics, be 
applied to determine the absolute zero. 

(50) Calculate the work done during adiabatic expansion to infinity 
of a given mass of gas which is initially under standard conditions of 
temperature and pressure. 


APPENDIX 


THE WET AND DRY BULB HYGROMETER. 

This table ogives the pressure, in mm. of mercury, that would be exerted by the 
aqueous vapour in the atmosphere when cooled to the dew point ; the dry bulb 
reading being t"* C, and the difference between the dry and wet bulb readings being 
equal to the respective numbers in the top line. 

(Compiled from Table 170, Smithsonian Physical Tables.) 











MAXIMUM PRESSURE OF AQUEOUS VAPOUR AT DIFFERENT 
' TEMPERATURES. 

Deduced by Broch from Rcgnault’s Experimental Data. 

(The pressure p is given In mm. of mercury, at o** C, and at the sea level in lat. 45*.) 




Temp. 

'C. 

A 

Temp. 

'C. 

1 

1 

Temp. 

*C. 

!»• 

Temp 
« 'C. 

0 

4*57 

a6 

34 96 

5* 

96*66 

76 

1 

4‘9* 

37 

36*47 

52 

.101*55 

77 

2 

5'27 

38 

28*07 

53 

106*65 

78 

3 

5'<5<5 

39 

39*74 

54 

111*97 

79 

4 

607 

30 

3»'5i 

55 

117*52 

80 

5 

6‘5 x 

3* 

33‘37 

56 

123*29 

81 

6 

697 

3* 

35'32 

57 

129*31 

82 

7 

7 '47 

33 

37‘37 

58 

135*58 

83 

8 

9 

7'99 

8'55 

34 

35 

39*52 

41*78 

g 

142*10 

148*88 

84 

85 

10 

9*4 

36 

44*16 

61 

155*95 

86 

11 

9'77 

37 

46*65 

63 

163*29 

87 

*2 

xo‘43 

38 

49*26 

63 

170*92 

88 

*3 

11*14 

ii 39 

52*00 

64 

178*86 

89 


11*88 

• 40 

54*87 

65 

187*10 

90 


13*67 

4* 

57*87 

66 

195*67 

91 

16 

X3'5i 

' 42 

61*02 

67 

204*56 

93 

17 

1440 

i 43 

64*3* 

68 

213*79 

93 

18 

15*33 

; 44 

67*76 

69 

223*37 

94 

*9 

1632 

; 45 

7**36 

70 

233*31 

95 

20 

i 7'36 

! 46 

75‘«3 

71 

243*62 

96 

21 

x 8‘47 

i 47 

79*07 

72 

254*30 

97 

22 

«9'63 

48 

83*19 

73 

265*38 

98 

23 

20*86 

I 49 

87*49 

74 

376*87 

99 

»4 

33*15 

50 

91*98 

75 

288*76 

100 

25 

23*52 



j 


101 


ME, IN CCS., OCCUPIED BY i GRAM OF WATER A 
TEMPERATURES { RoseUi \ 


Temp, 

•c. 


— 10 

- 9 

- 8 



Vol. c.cs. 


1 '001 86 
1*00157 
1*00132 
1*00109 
1*00088 
1*00070 
1*00054 
1*00041 
1*00030 
1*00020 
1*00013 
1*00007 
1*00003 
1*00001 
1*00000 
1*00001 
1*00003 
1*00007 


Temp. 

'C. 

1 

Vol. c.cs. 1 

1 

8 

1*00011 

9 

1*00018 

10 

1*00035 

11 

1*00034 

13 

1*00045 

13 

1*00057 

14 

1*00070 

15 

1*00084 

16 

1*00100 

17 

1*00116 

18 

I ’0013s 

19 

1 001 54 

30 

1*00174 

31 

1*00196 

33 

1*00218 

23 

1*00240 

34 

1*00364 

35 

1*00389 


Temp, Y^j ^ 


a6 i*oo3»4 

37 1*00341 

a8 I ‘00368 

2Q I ‘00396 

30 i‘oo4a$ 

31 1 '00455 

33 I '00486 

33 t ‘00518 

34 I '00551 

35 1*00586 

36 1 '006a I 

37 1 00657 

38 1 ‘00694 

39 1*00733 

40 1*00770 

41 I'ooi^ 

4 « 

43 x'ool^ 


Vol. C.C.. 


44 1*00939 

45 roo97i 

46 1*01014 

47 X ‘01057 

48 I ‘ot 101 

49 X ‘01 148 

50 X ‘01:95 

55 I ' 0 X 439 

60 1*01691 

65 I ’01964 

70 1 ‘03356 

75 1*02566 

80 X ‘02887 

85 1*03331 

90 *'03567 

95 *'0393* 

too t'043is 

I 
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PROPERTIES OF STEAM {Callendar). 
See Proc. Roy. Soc., Vol. 67 (1900), pp. 236-286. 


Temp. 

C. 

# 

V. 

P. 

Q. 

L. 

S. 

- - - 

' 

Entropy. 

Water. 

Steam. 

0 

202,602*0 

4’66 

593*5 

593*5 

" 1 *680 

0 

2*1740 

ao 

57.3090 

17-67 

^33 

583*3 

- * -502 

0*07087 

2*0617 

40 

*9.4420 

55*55 

613*0 I 

i 573*0 

■-*-35* 

013681 

1*9676 

60 

7.671 0 

*49*63 

622-5 

1 563*5 

-1-223 

0*1^68 

I *8880 

80 

3.407 0 

355*30 

63*7 

55*7 

— 1*116 

0*25704 

1*8198 

100 

*.673*5 

760-00 

640-3 

540-3 

- 1 *028 

0*31246 

1*7608 

120 

890*6 

*.49**4 

6484 

1 528*1 

-0-955 

0*36518 

1-7090 

X4C 

508-4 

2,716-5 

655*8 

1 5*5*2 

0-895 i 

0-4*567 

1 *6632 

ifo 

307 1 

4.657*0 

662*4 

501-3 

-0*844 1 

0-46373 

1*6215 

x8o 

*95*3 

7.546-0 

668-4 

486-8 

— 0*801 

0-51029 

I '5849 

200 

129*6 

11,684*0 

673*4 

47** 

-0-759 

0-55492 

1*5509 




In the above table, the unit of heat employed is that required to raise i gram 
of water through 1° C. at 20° C. (See p. 135.) 

V.=Specific Volume (volume in cc.s., of i gram) of saturated steam. 

P. ss Pressure, in mm. of mercury, of saturated steam. 

Q. =Total Heat of Steam. \ g 
L.— Latent Heat of Steam. / 


P- >53- 


S.=:Speci6c heat of saturated steam. (See p. 330.) 







ANSWERS TO QUESTIONS 

Chapter I 

(2) 20" C., 80° C., - 28'9‘’ C., 39*5'’ F., 125*6° F., - 459*4° F. 

( 5 ) 3^ 95’' C., 89*32° C. 


Chapter H 

(6) 99 ’65" C. 

Chapter III 

(3) +0*029 cm. 

(5) 0*05* cm. 

(6) 14*69 ins. 

(7) 22*1 cms. 

(8) *99496 c.ft. 

(10) 0*12 of one per cent. 

Chapter IV 


(2) 6*0667 grams. 

(3) 0*139* or, roughly, | of the whole volume of glass vessel. 

(4) o*oooo6i. 

(11) Let^ = coefficient of linear expansion of glass. 

,, r = internal radius of glass tube. Then 
» { r ( I + ioc^;f) } ^ X loi *65 - w 100 x I *0182 (see p. 65). 

. • . ( 1 + 2 X loc^) X 101 *65 = 101 *82 (see p. 52). 

^ = O’OOOOOS^. 

.*. Coefficient of cubical expansion of glass = 0*0000249. 

(12) 288°. 

Chapter V 

(2) 29*45 ins. 

(3) 0 00366. 

(9) Take density of dry air, at 0° C. and 760 mm. pressure, equal to 
0*001293 gr./c.c. Work performed = 1*29 x 10® ergs, 

(16) 999*3 grams per sq. cm. 

(18) 30 ins. 

(19) 452° C. 
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Chapter VI 

( 6 ) 0 * 497 . 

(8) 0*0911. 

(10) 0 489. 

(11) 0*14. 

(12) 9660 heat units. 

(14) Water equivalent = 12. Specific heat of metal s 0*112. 

Chapter VTI 

(7) 79^2*5 grams of ice. 

(8) 0*11. 

(11) Time to commencement of freezing ; time to freezing of hah 
inch = 40 : 61. 

(12) 630. 


Chapter VIII 

(5) 0*103. 

(9) Use formula on p. 372. Melting point raised by 0*025* C. 

Chapter X 


(!o) 0745. 

(14) 0 3424 grams. 

(* 5 ) tH* 

(17) At 30*, vapour pressure = 30*56 cms. of mercury. 

»» 45 » »» ~ 49 7t yt it 

it 60 I it it — 81*87 »» »» >> 

Chapter XI 
(2) I *0296 X 10 * ft. -lbs. ; 52 horse-power. 

Chapter XII 

(1) 8*0 X 10^ cms. 

(2) 2*98 X 10^ heat units. 

(3) 132,000 B.T.U. One British Thermal Unit (B.Th.U.) = the 
heat required to raise i lb. of water through 1* F. 

( 5 ) 3*45 X cms. per sec. 

(6) 0*1972 heat units, where i heat unit would raise I lb. of water 
through I* C. 

(ii) 41*2 X 10^ ergs, per therm. 

(13) I* 
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Chapter XV 


(i) 213® C. This problem can be solved like that on p. 320. If no 
Ic^arithms are given, we can proceed as follows : 

T, " “ ***'* = (f)* = 

We can now expand (i - i)I by the Binomial Theorem. 


Chapter XVI 

(7) 0*26, or 26 per cent. 

(8) iV. 

Chapter XVII 

(3) 496*2 he.!! units. 

Chapter XVUI 

(6) 1*17“ C. 

Chapter XX 

(4) 21,600. 

(6) 1,800,000 grams of ice. 

(7) I * 79 ” C. 

(to) 1*26 X io~’. 

Chapter XXI 
(12) 2*03 therms per scj. cm. 


MISCELLANEOUS EXAMPLES 

(6) If pressure is measuretl in dynes jxjr s<p cm., and the volume in 
c.cms., work will lx: measured in ergs. If pressure ismeasuretl in grams 
per sq. cm., and volume in c.cms., work will be measured in cm-graras. 
If pressure is measured in lbs. per s(j. ft. and volume in c.ft., work will 
be measured in ft. -lbs. 

(9) Newtonian VeUKity of sound = 3*17 x 10^ cms. per sec. 

(12) Velocity = 3*74 x 10* cms. per sec. at o”, 
and 4*37 x 10* „ „ „ 100“. 

( 16) Diminution of volume = 54 c.cs. 

Avenge pressure = 773 mm. of mercury = 1 *03 x dynes per sq. 
cm. Work done during compression is erpiivalent to i *32 therms. 

(17) 14*7 gram-calories y)er second. 

(18) Molecular weight of hydrogen =2. Volume of 2 grams of 
hydrogen at o* C. and 76 cms. pressure. 






- ^ ^ 1,000 
“ 0*0896 

IQP X 22,320 

*73 


= 22,320 C.C. 


w 8*176 X io7. 
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(19) If the vapour obeyed the gas laws, its density, at o® C. and 76 
cms. pressure, would l)e — 


0*119 X 76 X 288 
38 X 70 X 273 


= 0*03586 grm. per C.C. 


(21) Use equation pv — k{i a/) — 


When / = o* C, / = 46, and v = 100. *. *. /& = 4,60a 

Then, at lOO® C, 62 x 101*13 = 4,600 (i + looo)— 


a = 0*00363, 

neglecting the expansion of the glass, and the diminished density of the 
mercury, at lOO® C. 

(22) 92*5 grms. per minute. 

(23) Heat liberated by coal = 8,000 x 454 calories per horse power 
hour = 3 *63 X 10*. 

1 H.P. = 746 X ic? ergs per second. Heat equivalent ofi H.P. hour 

746 X i 67 X 3,600 , . 

— JLZ calories. 

42 X icr 

Actual efficiency = -j- (3 63 x 10*) = 0*17. 

Efficiency of perfect reversible engine working between temperatures 
1,000“ C. ando“ C. o 78. 

1,273 

(24) Mass of air displaced by sulphur — 

25 X 74 X 273 ^ 

*= ^ - - xO'OOi29 = 0*0296 grams. 

y O X 2^0 

Since density of weights = 8, while den.sity of sulphur = $0/2$ = 2, 
the weights displace one-quarter of the mass of air displaced by sulphur, 
0*0074 grams. 

.*. True .mass of sulphur = 50 -f* 0*0296 - 0*0074 = 50*0222 grams. 
(26) Mass of heated air in chimney must be less than that of similar 
column at atmospheric temperature by mass of cylinder of water 1 inch 
in height, and of same sectional area as the chimney. Thus if a sq. A. 
= sectional area of chunncy, = density of hot gases in chimney at an 
absolute temperature T, and // = density of surrounding air at 15* C. 
(say), or 288" abs., we have 

62 

i^6(cl - di)a ~ X a (l), 

the density of water being 62 lbs. per cubic foot. , 

Also, density of gas within chimney will not ^ appreciably affected 
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by the diiTerencc in its pressure from that of the surrounding air. Thus, 
if = density of air at o'* C. {273® abs.), 

d - and d^ = 

Thus for (i) 

136 X 273 X "0(2^ " t) " 

The density, </o, of atmospheric air at 0° C. and standard Ijarometric 
pressure is 0*0809 lb. jjer cubic foot. In the al)ove wc have assumed 
that the flue gases at 0“ and under standard barometric pressure would 
have the same density as the air, although tliey would really be some- 
what denser. Substituting for in (2), and solving for T, we obtain 

T — 572° (nearly) 

.♦. 572 - 288 = 284® C. = excess of temperature required. 

(27) Heat dissiiiated by electric current = (20 x 2 x 10^) ~ (42 x 
10^*) = 9*52 gram-calories (or therms) per second, or 9*52 x 60 = 571*2 
therms per minute. 

, *. Latent heat of liquid 571 *2 -i- 4 = 142*8 therms per gram. 

(28) The time of vibration of a balance wheel varies as where 

I is the moment of inertia of the wheel, and is the Young’s modulus 
of the hair-spring. Now a rise of temperature will cause the linear 
dimensions of the wheel to increase, and I will vary directly as the 
square of the linear dimensions ; thus 

Time of vibration at (/ + _ f f l(i t- 18 x lo"*)- , /^ \ 

Time of vibration at /® ~ \ 'V Y{i - 2 x io~^) ’ Y J 

_ I + 18 X io"< 

- 2 X 10 

^Jumlier of seconds lost per day due to i® rise of temperature = 10*2. 

(29) I H.P. = 746 watts. 

I kilowatt hour = 1*34 H.P. hour= 1*34 x 33,000 x 60 ft. lbs. = 
2*66 X 16* ft. lbs. 

2*66 X lO* ft. lbs. of electrical energy cost ^d. 

10* ft. lbs. of heat energy (in coal) cast 4 d> 

. *. Cost of electrical energy : cost of heat energy in coal = too : 2*66. 

It is only possible to convert a small proportion of the heat in coal 
into mechanical energy. See Chapter XVI. 

The cost of labour and interest on the value of plant used in 
converting heat energy into mechanical eneigy must also be taken into 
account. * 
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(31) The frequency of vibration of a tuning fork (that is, the n umber 
of vibrations it performs per second) varies directly as VV/i/, where 
Y is the Young’s modulus of the steel, and d is its density. Heating 
the fork to 100° C. through 85° C) diminishes the density of the 
steel in the ratio 1 : (i + 12 x 85 x = i : (1 *00/02)* = i : i 0031. 

Let y be the temperature coefficient of the Young’s modulus of the 
steel ; thus 


Fretpiency at 100° 
Frequency at 15“ 


9 ? ^ 

100 


/v/(i + 85V) X 1-0031. 


. I + 8sy = 



-f I 0031 


0-98 

1-0031 


0-977. 


r . y— - *023 -f 85 = 2-7 X io“^ 

(33) 287-1*0. 

(34) a. Bulb at 0 ° C , — Let V l3e the total volume of the bulb and 
connecting tube, supposed to Ije constant ; while v is the volume of 
the connecting tul)e, kept at 20“ C. Let l>e the observed pressure. 
If we were to keep the pressure constant, and to cool the gas in the 
connecting tube down to o*, the volume of this gas would diminish to 
z//(l + 20a) where a is the coefficient of expansion of the gas at 
constant pressure. In this case the total volume of the gas would be 


V 


V + 


V 

I + 20a 


= V - 


2002 ^ 

I + 20 a* 


If we' now decrease the pressure so as to allow the gas to expand at 
constant temperature to its original volume V, the retjuired pressure 
Po' will be given by the equation 


- -i?k) 


+ 20a, 

20 av \ 
+ 20ajV/ 


Dividing through by V, the corrected pressure P^' is given by the 
equation 


- - Jgg ? \ 

*\ (l-f20a)V/ 


(I) 


We may assume a to Ire equal to 1/273. the problem vfV = i/ioo 

.*. f Po(i “ 0 00069). 

A Bulb at 100* C. — Keeping the pressure constant, heat up the 
connecting tube ‘till its contents are at 100* C. f the volume of the 
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contents will then be equal to z/ (i + iooa)/(i + 20a). Then total 
volume of gas 


,, v{i + looa) ,, Soav 
W - V + - ' = V + 

I + 20a I + 20a 


s 

Let Pi be the observed pressure, and Pi' the required corrected 
pressure ; then if we compress the gas at constant tem|>erature until its 
volume is equal to V, we have 


I’. 


'V =. + 

= r,v(. + 


8oav \ 

1 f 20a/ 

8oar^ \ 
(I + 20a)V/ 



Soar; 


(I + 20a)V 


) = i*. 


(I 


+ 0*00273). 


( 37 ) Heat radiated from body = -^T/, where Ti is the aljsolute 
temperature of the hotly. Heat received by body from surroundings 
= 1 V> " here T® is the absolute temperature of surroundings. Then 

net loss of heat = >i’(Ti* - To^) = /t(Ti - To) (Ti» + Tj-T'o + TjTp^ 

+ To>). 

With a motlerate difference of temperature Ijetween a body and its 
surroundings, the value of the expression just found will l)e directly 
proportional to (Ti - Tq), and small variations in T] and Tq will not 
greatly influence the quantity within the second set of brackets. 

(47) A complete solution of this problem would be difficult to obtain 
without the use of the higher mathematics ; the following approximate 
solution is probably what the examiner desired. 

When a layer of ice is first formed, its temperature is o°C. ; when an 
additional layer is formed, the tem|>erature of the first layer must fall, 
otherwise heat would not pass into it from the layer last formed. Hence 
the heat jiassing through the ice is really made up of two parts, one 
due to the latent heat given up by the ice in freezing, and the other due 
to the heat given up during the cooling of the various layers of ice. 
The specific heat of ice is equal to 0*5, while its latent heat is equal to 
80 gram-calories per gram. Hence we may, to a first approximation, 
neglect the heat given up by the ice as it cools ; the error involved will 
not be considerable unless the ice is very thick. 

I-^t K = thermal conductivity of ice ; then K = quantity of heat 
passing normally through a square centimetre per second, -r tempera- 
ture gradient. Under the conditions specified above, the temperature 
gradient may be considered uniform throughout the ice, its value being 
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20* -r thickness of ice, supposing the water in the pond to be at a tem- 
perature of 0“ C. 

At a given instant let the thickness of the ice be the time being / q. 
At time let the thickness of the ice be jtj, the time interval (/j-Zo) 
being very small, and therefore (^i - Xq) being small. * Then during this 
interval of time the average thickness of ice = {x^ + x^)/!, and the 
average temperature gradient = 20 -r {x^ + Xq)/2, Then if ^ = the 
quantity of heat which passes through a stjiiare centimetre of the ice in 
the interval (/, - /#), 





(^1 + Xo)/2 

. . _ 40 K (/i - /(,) 

• • y “• ~ — • 

Xi + JTo 

But q is the quantity of heat given up during the formation ol a layer 
of ice one square centimetre in area and (jti - x^) centimetres thick, 
from water at o°C. The density of ice Ijcing alxmt O'pr, the mass of 
this layer of ice = (jfi - ato) x i x 0*91, and in freezing, this mass will 
give up 


heat units. Then 


0*91 (.r, - ATo) X 80 = 73 (aTi - ATo) 

^ **0 

. *. x\ — Xq — o 55 ^ (^1 “ A)) • • 


(I) 


During the next short interval of time (/^ - A) ^^e ice increase in 
thickness fiom x^ to atj centimetres. Thus 


Similarly 


xj - xj = 0 55 K (/g - A) 

AT* — Af* = ®'55 ^ (^8 ~ ^3) 


(2) 

(3) 


Xft~-j Af«_2 •— 0*55 ^ {f»« — 1 “ fn— a)* • • ~ t) 

xi - ArJ_i = 0*55 K(/„ - /„_i) .... («) 

Adding tr^ether equations (1), (2), (3), (// - i), {«), we 

obtain 

xi - xl = 0-55 K (/„ - /q). 


If /0 represents the time when freezing commences Ar0 = o), then 
a layer x centimetres thick will l}e formed in a time / given by equation 

x" = 0*55 K/ = 0*55 X 0*005 t = 0*00275 /, tnd x = 0*052 ^//T 
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Thus at the end of one second the ice will be 0*052 centimetres thick, 
at the end of four seconds it will be twice this thickness, &c. The 
curve representing the connection between x-and / is a parabola, with 
vertex at / = o, jr = o, and focus on the axis of /. 

(48) Accordin^to Newton’s law of cooling, the rate at which a body 
loses heat by radiation is proportional to the difference between its 
temperature and the temperature of its surroundings ; hence, if the 
specific heat of the body is constant, its rate of fall of temperature is 
proportional to the difference between its temperature and the 
temperature of its surroundings. 

Let the temperature of the ball at any instant be equal to C. ; then, 
since the difference between its temperature and the temperature of its 
surroundings is at the end of a short interval of time its temperature 
will be equal to (/ - a/) = /(i - a), where <z is a constant depending 
only on the length of the short interval of time and the dimensions, 
mass, and specific heat of the ball. At the end of the next short 
interval of time, equal to the first interval the temperature will be 
equal to that at the beginning of this interval multiplied by (l - a), or 
/(I - a)^. If there are n of these intervals in a minute, the tempera- 
ture at the end of a minute will be equal to /(i ~ a)" = where 
/t =s (i - a)" = a constant depending only on the dimensions, mass, and 
specific heat of the body. At the end of the second minute the 
temperature will be equal to and at the end of m minutes the 
temperature will be equal to Hmce the temperatures at the ends of 

equal successive intervals of time form a geometrical progression,^ 

The initial temperature of the ball being /^, its temperature at the 
end of six minutes will be equal to : this is equal to 300“ C. After 
another minute (*.^. , at the end of seven minutes) its temperature will 
be equal to and this is equal to 250*’C. Thus 

250 _ 2J 
300 30* 

Then, = (p) = 300 ; 

.*. /^ = 300 X = 300 X (I ’a)*. 

= 896° C. 


(49) The solution of this problem involves another, which it will be 
convenient to deal with first We shall therefore first prove that when 
any substance expahds isothermally along a reversible path so 

1 1 



482 


ANSWERS TO QUESTIONS 


that the pressure falls from p + dp \o py the heat absorbed by the 
substance is equal to 

9 dv ,, 


where J = mechanical equivalent of unit quantity offbeat. 

e = temperature, measured on thermodynamical scale (p. 345), 
at which the operation is condiicted. 

7)7} 

^ = ratio of increase of volume to increase of temperature, when 

c9 

the pressure remains constant. 

Let B A (Fig. i) be a short element of the isothermal of the substance 
at temperature 9 \ and let B denote the initial, and A the final, condi- 
tion of the substance, pressures 
\ being measured vertically up- 

wards, and volumes horizontally 
from left to right. Let D H 
I element of the isother- 

I ^ slightly higher 

I IG_ temperature 6 + dd. Draw 

' E the adiabatics CA and DB 

N through A and B respectively. 

— — ••Ko/i/m# Then if a quantity Q of heat 

^ is absorbed during the expan- 

sion from B to A, and Q -f </Q 
is absorbed during expansion from D to C, it follows (p. 347) 
that 

Q + dQ_$ + d 9 

Q ■" e 

Q 9 * ^ d 9 


•Volume 


Fig. X. 


Q is the quantity of heat to be determined. Further, dQ is equal to 
the area of the cycle D C A B divided by J (p. 338). 

To determine area of cycle D C A B, draw the horizontal lines B F 
and E H through B and A respectively. Through B and F draw the 
vertical lines B E and F G. Then, areas of parallelograms D C A B 
and B F H A are equal, since the parallelograms are between the same 
parallels D H and BA, and have*the common base B A. Also, areas 
of parallelc^ams B F H A and B P' G E are equal, since the parallelo- 
grams arc between the same parallels B F and E H, and have the 
common base B F. Therefore areas D C A B and B F G E are equal. 
Also, B E » the difference between the pri^ures at B and A. If 
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the rate of increase of volume with temperature when the pressure 
is constant is equal to then B F = ^ . 

ArcaDAB = areaBFGE = BF x 

</Q _ I dv 


' ' de j de 


dp, 


and 


O _ ^ 


Application to a perfect gas. Here pv = Rd, so that 

V = — 0, and cv = — c 9 , 

P P 

d R , pv , i^dp 
dt> - V- dp - 




j 


Application to water. Above 4® C., water expands when the 
temperature rises; that is, is positive. Between 0“ and 4® C., 

CV 

^ is negative. Therefore, al)ove 4® C, water absorbs heat when it 

expands isothermally ; between 0“ and 4° C., water gives out heat 
when it expands isothermally (/.«•., when the pressure to which it is 

subjected is diminished). The value of x-^ can l>e determined from 


table, p. 470. 

Consider, now, the porous plug experiment. I..et a gram of gas 
\>e forced through the porous plug E (Fig. 2) by the piston C, under 
a pressure p + dp. To the 
right of the plug let the 
pressure / lie maintained by 
the piston D. Initially, let 
the piston D be in contact 
w’ith the plug E ; and as the 
piston C moves up to the plug, so forcing a gram of the gas through it, 
let piston 1) move tow-ards the right. I-et the gram of gas have the 
volume V after being forced through the plug, its volume before being 
forced through having the value (v - cfv). Then, work done on gas 
by piston C = (/> +■ dp) (v - dv), while work done gas on piston D 
s pp. Therefore, nett work done on gas during operation a 
{p + dp) {v - dv) - pv ^ vdp - pdv, when dp y, do n^lected. 

No heat enters the*gas from outside or leaves the gas through the 



Fio. a. 
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walls of the cylinder. Therefore, the net work done on the gas 
must be equivalent to the increase in the internal energy of 
the gas. 

Let the temperature of the gas be 6 before it is forced through the 
plug, and $ + aAerw^dss and let the initial and nnal conditions of 
j . the gas correspond to the points A and B 

5 3) of the /w, diagram. The operation 

* * ^ of forcing the gas through the plug is irre- 

B versible ; that is, the gas cannot be caused 
to pass back again through the plug from the 
pressure / to the pressure p + dp. But the 
internal energy of the gas at B has the same 
value whether it has reached that point by an 
irreversible or by a reversible path. Therefore, 
the increase in the internal energy of the gas between A and B is equal 
to the net energy gained by the gas in reaching B by the path A C B, 
where A C is an isothermal expansion at temperature 6, corresponding 
to a fall of pressure dp ; and C B is an expansion at constant pressure 
due to a rise of temperature dB. 

0 

During the isothermal expansion, heat gained by gas = - 

During the constant pressure expansion, heat gained by gas 
3= SpdBf where Sp denotes the specific heat of the gas at constant 
pressure. 

External work done by gas during both expansions = pdv. 
Net increase in internal energy (measured in ergs) 



» ^^dp + JSpdB - pdv 
dv 

vdp - pdv = + Jvf'® ~ Aft'* 

* vdp ^ B^dp -^Isp^By 


and 


dB 


dp 





Here, ~ « heating effect per unit fail of pressure. 

dp 

Application to perfect gas. Here (p. 483) 

V 


V - tfsrr SB. V - B- 


pV 

» - — 3= O 

P 


dB p 

a perfect gas is neither heated nor cooled by being forced through a 
porous plug. 
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Application to water. 


0 ^ 

The value of for water can be found 

30 


from the table on p. 470. For ordinary temperatures, the right-hand side 
of (a) is positive^so that if water is forced under pressure through a 
porous plug (or through the walls of a porous vessel) the temperature is 

30 

raised. Notice that in pressure is measured in dynes per sq. cm. 


An atmosphere is nearly equal to 10® dynes per sq. cm., so that to 
determine the rise of pressure per atmosphere fall of pressure, the 
right-hand side of (a) must be multiplied by lo®. 

To determine the absolute zero of temperature. Lord Kelvin 
found that air and carbon dioxide are cooled by being forced through a 
porous plug, while hydrogen is heated. In all cases the effect varies 
with the temp>erature at which the experiment is conducted (pp. 
385-386), but the absolute zero of temperature can be determined 
by using the mean value of the heating or cooling effect over the 
range 0“ to 100" C. Between these temperatures let the mean heating 
effect, per atmosphere fall of pressure, be denoted by K, which is a 
quantity having a positive value for hydrogen, and negative value for 


air and carbon dioxide. 


find that 



if 


In equation (a) writing lo®^ = K, we 

ap 

” =* (t» - k)d0. 

10® 


dv d0 

• *• i =“ -IT' 

V - k 0 

Integrating the right-hand side of this equation between the 
absolute temperature of melting ice, and + lOO ; and integrating 
the left-hand side between the corresponding values and for the 
volume of a gram of the gas, w'e find that 

^O+too ^'100 

I d0 _ I dv 

V */ 

tfo+ropr -| vioor 

« L J “ ^ 

. 0-^100 _ 


« 


I + 


100 


= I + 




• • 
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Now, on a gas thermometer /» = R T, where R and T vary slightly 
with the gas used, T is the absolute temperature as determined by the 
gas thermometer in which the gas in question is employed. Then 

R R 

*'100 = ^ <"^0 + *00), while *'0 = J 0*0) 

R 

100 p 100 R 

**• lo " iilo _ ^ ^0”^ 

p 



Here, 0 q denotes the temperature of melting ice, measured on the 
absolute dynamical scale ; Tq is the absolute temperature of melting 
ice measured by the given constant pressure gas thermometer, and is 
equal to the reciprocal of the coefficient of expansion of the gas at con- 
stant pressure. R is a constant found by nmltiplying the pressure by 
the volume of a gram of the gas at o* C., and dividing the result 
by the absolute temperature of melting ice, measured on a thermometer 
containing the given gas. Finally, ^ is determined from the porous 
plug experiment. 

It is found that, using air for the gas thermometer and applying 
the above correction, ^0 — 273’ 14. Using hydrogen, the value of 

~ 273*00. Using carbon dioxide, = 273*04, while T0, the 
absolute temperature of melting ice measured on the constant pressure 
carbon dioxide thermometer, = 267*24. 

(50) The internal erifergy of a perfect gas is restricted to the kinetic 
energy of its molecules and atoms (pp. 301-302). When a j)erfect gas 
expands adiabatically, the external W’ork performed is equal to the 
kinetic energy lost by the gjis molecules, and this loss of energy 
entails a fall of temperature from (say) Ti to Tj. If the same gas had 
l)een tooled at constant volume from Tj to T*, the molecules of the gas 
would have lost the .same amount of kinetic energy ; therefore if the 
mass of the gas is ///, and its speci6c heat pt constant volume is o'*, the 
heal which disappears in either case is equal to wir*(Ti - Tj). Hence 
work done during adiabatic expansion = Jw/o-^Tj-T,). 

From equation near top of p. 301, J = R/(<rp-<r,) ; therefore work 
done during adiabatic expan.sion 



(Tp 


- <r. 


(Ti-Ta) 


7-1 


Now, from p. 300, RTj = product of pressure and volume of onfi 
gram of the gas at temperature Tj. Therefor# wRTj = product of 
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pressure /j and volume of m grams of the gas at temperature T| ; 
and wRTj 2= product of pressure and volume of the same 
m grams of gas at temperature Tj. Hence work performed = 
- 0 - 

If the gas expands to infinity, all of the kinetic energy possessed by 
its molecules is used up in doing external work, and therefore the 
temperature falls to zero (absolute) ; in this case Tj = o, and 
wRTj = so that the work done during expansion = 

Pxvjfy — i). Thus the energy possessed by the molecules comprised 
in a volume of gas at pressure /j is equal to PiV^ffy - l ) ; this is 
called the intrinsic energy of the gas under the given conditions. 

Example . — To find the intrinsic energy of i gram of hydr<^|en at 
o" C. under a pressure of 760 mm. of mercury. 

A pressure of 760 mm. of mercury = lo* dynes per sq. cm. nearly. 
Under this pressure i gram of hydrogen will have a volume of 11,160 
c.c. (p. 301). Also 7 = 1*42 (p. 302). Thus, intrinsic energy 


10® X i*ii X 10* 
1-42-1 


0*42 


X 10^® = 2 *64 X 10'® ergs. 


* 
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Absolute zero, 102, 294, 346 
Absorption, 413 

Adiabatic transformation, 315 ; — curves, 

Acolotropic, 60 
Ape of the earth, 429 

Air, expansion of, 96 ; liquefaction of» 216, 
386 

Air thermometer, 90 ; constant volume—, 
log \ compensation, iix 
A Men, 184 
Alcoholic solutions, 137 
Ama^att 203 
Ampire's rufc, 394 
Aniline, 135 
Amtre^ifs^ 203 
Ansdeli^ 254 
Argon, 288. 303 
Astatic galvanometer, 39s 
Athermancy, 446 
Atofii^ 288 

Atomic heats, 137, 297 
Atomic weights, 137 
Attraction l>etween molecules, 299, 308 
Avogadro^ 295 


Bacofiy 267 
Balance wheels, 58 

Barometer, 23 ; corrections for tempera- 
lure and latitude, 24 — a6 
Bartotiy 135* 

BeckmanHy 167, <89 
fierihehty 152 
Black's ice Calorimeter, 148 
Boiling point of water, 27 of Uauids, 
188 ; eflect of pressure on — , 191, 3^ 
Bolometer, 404 
B 0 tt«mltyy it., 455 
BoyUt's Law, 94, aot, 390 
Boyt, 176 , 4*0 
Bumping, 187 , 307 
Bmm*.i$, 172 , 175 . 179 
Burette, calibration of, 92 ^ 

Coigmiard eU Us Tour^ 209 


CaiUetety 213 

Calibration of burette, 92 

CalUtuiary iii, 135, 161 400, 460 

Caloric, 119, 267 

Calorie, 141 ; gram-caloric, 122 

Calorimeter, 123 ; Black's ice — , 148 ; 

cooling of, 125 ; Joly's steam — , 156 
Calorimetry, 117 
Cannon, 40 
Camoty 336, 368 
Carr/y 185 
Cathetometer, 107 
Centigrade scale, 13 
Centimetre, 259 
CUment and Desorntesy 321 
Clinical thermometer, 19 
Clouds, 240 

Co-efficient, of expansion, 39 ; - of absolute 
expansion of mercur>", 71 ; — of heat con- 
ductivity, 420 

Cold product by evaporation, 184 

Compression of gas, 320 

Condensation due to expansion, 240, 331, 

Conduction, 416 

Conductivities, comparison of, 424 
Conductivity of cr^^stals, 429 ; of liquids, 
430 ; of gases, 432 
Conservation of energy*, 364 
Convection, 413 

Cooling, laws of, 129, 457 ; method of, — 
127 curves, 128, 164, 407 
Correction for loss of heal, 131 
Corresponding states, 312 
CrtighioHy 153 
Critical temperature, 207, 
mental determination of, 
constants, 3x1 
Cryohydrales, 171 
Cryophorus, 184, 2x2, 223 
Crystals, expansion of, 60; conductivity 
of, 429 

CulleHy Dr.y 268 
Cycle, reversible, 335 
C^li^ operations, 334 


309; 

310 ; 


expert- 

critical 


R K 
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Dalton, a24, 229, 268, 296 

Daniell, 24^1 

Darjoin, Dr,, 268 

Dary, Sir //., 270, 417, 438 

Density, 64 ; — maximum of water, 85, 414 

De Senarmont, 430 

Desfrttz, 86 

Dewar, Pro/., 179, 216, 217, 401 
Dew point, 239 
Diatbemancy, 446 
Dieterici, 135 
Diffusion, 295 

Diffusion of temperature, 429 

Dilatometer, 67 

Dines, 243 

Du/our, 306 

Dnlong, 269 

Dulongand Petit, 71, 131, 137, 456 
Dumas, 249 
Dyne, 261 


Ebullition, t86 
Edser, E., 426 

Efficiency of heat engine, 341 
Elasticity of gas, 90, 327 
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Energy, 263, conservation and dissipation 
of, 364 ; degradation of, 364 ; internal, 
335 ; intrinsic — , 365 
Entropy, 353 ; of saturated steam, 359 
Eig, 263 

Ermann and Ko/p, 174 
Evaporation, 182 
Exchanges, theory of, 451 
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39, 51 ; cubical, 58, 66, 86 ; linear, 53; 
of CO2, 86 ; of air, 96, 104, 109 ; of crys- 
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Fahrenheit, 13, 167 
Fairbaim, 252 
Faraday, 179, 212 
Fire Syringe, 268 

First I^w of Thertnodyn^mics, 284, 366 

Fizeau, 60 

Fleming, 217, 401 

Forbes, 181, 422 

Force, 261 

Fortin’s Barometer, 23 
Free expansion of gases, 298, 379—386 ; of 
steam, 391 

Free path, mean, 291 

Freezing machines, 185; — mixtures, 171 ; 
— point apparatus, 167 ; — point, depres- 
sion of, ITO 
Frij^orific, 208 
Fusion, 164 


Galvanometer, 393 : astatic —, 395 ; reflect- 
ing — , 396 ; suspender coil — , 397 
Gas laws, 110 

Gases, specific heats of, 156 
Gay-Lussac, 104, 167, 226, 248 
Girders, bending of, 

Glaciers, formation of, 180 ; motion of, 181 

Glass, expansion of, 53 

Glazebrook, 82 

Graham, 34, 296 

Gram, Si, 259 

Gram-calorie, 122 

Gridiron pendulum, 56 

Grijnths, 37, 13s 

Guthrie^ 171 

GuilUaume^ 48 


Hiihirdm^ 85 
Harrison^ 56 

Heat, quantity of, 117 lost by radiation, 
131: latent—, 146, 150; specific—, \22\ 
total heat of steam, 153 ; transference 
of heat, 118, 413, 416, 436 
281, 331 
//f7/8r, 85 

Hygrometer, 240 ; wet and dry bulb,— 245 ; 
chemical, 246 

Hydrogen, liquefaction of, 217, 389 
Hypsomelcr, 19 j 


Ice calorimeter, Bunsen’s, 175 
Ice, contracts on melting, 172, 373; con* 
tracts on ctxding, 86, 174 ; is liquefied 
by pressure, 177 
Ideal heal engine, 33^3 
India-rubl>er, expansion of, 41 
Inj^rn-llausz^ 424 
Internal energy, 335 
Internal work, 298, 379—386 
Inverse^sipiare law, 443 
Isothermal, 95 ; -of |>crfect gas, 08; of mix- 
ture of gas and vaixnir, 230 ; of C02f 207 ; 
of solid, liquid, and vapour, 237 ; theo- 
retical, 306, 313 
Isotropic, 59 


Jolly, tog 
Joly, ISO, 180 

Joule, 271, 274, 298, 379, 414 
Kelvin, Lord, 177, 228, 34s, 380, 429 
Kinetic theory, 287 
Koch and Klocht, i8x 
Krypton, 217 


Langley, 404 

Laplace and Lavoisier, 149 

I^itent heat, of fusion, r45 *. of stewn. 150 ; 

internal and external,— 368 
Lees, Dr. C. 7 ., 43^ 
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Lehfledt, Dr., 227 

Leslie's difTcrential air thermometer, 438 
Linde, Dr., 386 
Liquefaction of gases, 212, 386 
Liquefied air, 217, 390 
Lupki, 169 191 


Maithiessen, 85 

Maximum and minimum thermometers, 18 

Maximum density of water, 85 

Mayer, J. A’., 271 

Mean iiucrmolecular distance, 291 

Mechanical equivalent. 274 

M* Far lane, 455 

Melhni, 447 

Melting point, depression of, by pressure, 
177, 372 ; of metals, 407 ; of solids, 166 ; 
of paraffin wax, 147 

Method of mixture, 122: of c<x>Iing, 127 
Meyer, Fie tor, 250 
Mist, 184, 240 

Molecular depression, of R. P., 191 ; of 
melting point, 170 ; of vapour pressure, 
232 

Molecular heats, 1^0 

Molecules, 288 ; linite si/e of, 308 ; at* 
tnaclion lictwcen, 299, 308 
Momentum, 262 
Mond, 176 
Moseley, Canon, 181 


Negirtfi and Zambrn, 19 

L^etvton's law of cording, i 3 g, 456:— rings 

6i 

Nickel steel (non-expansible), 48 

Olszeivski, 216 
Oshvald, 170 
Over -cooling, 166 

Papin, 195 

Penduluin, compensated, 5? ; gridiron - , 
56- 

Perfect gas, 95 ; Adiabatics of—, 317, iso- 
thermal of — , 98 
Person, 134 
Petm'el, 455 
Phillips, 

Pictet, 214 

Platinum, expansion of, 53 
Platinum resistance thermometer, 399 
Polarisation, 441 
Porous plug experiment, 384 
Pressure, 72 

Pressure and volume of gas, 90, ag*} 
Pressure coefficient of gas, 101, ig 4 
Prtvosi, 45a 
Pyknometer, 81 
Pyroheliomeier, 458 
Pyrometer, 399, 405 


Quantity of heat, 117 

Radiation, 436 ; methods of detecting,™ 
437; properties of, 438; from Jimiter, 
4^, 412 ; from the moon, 412 -of cold, 

R*adio-inicrometer, 410 
Ramsay^ Frof,^ 176, 217 
Raoult^ 232 
Rayleigh^ Lord^ 329 
Riaumur^ 13 

RectanguLar Hyperlwla, 95 
Regelation, 179 

Regnault, 71, 76, ro6, 109, 124, 131, 136, 
M.x. i 53 » 159* ^2, 224, 244 
Resistance, electrical, 398 
Roberts-Austen^ Sir 289, 405 
Rmvland^ 135, 278 
Roy and Kamsden^ 45 
Rum/ord^ 125, 269 
Rutherfords 18 


Safely I^mp, 417* 

Salt solutions, freezing of, 171 
Saturation of vapour, 183, 220 
Second law of Therniodyaamics, 339, 366 
Shields^ 176 
Siemensy 400 
19 

Skating, i8o 

Soliditication, change of volume on, 1/2, 

237 

Soutkerus 153 

Specific heal, 122 ; — of alcoholic solutions, 
137 ; — of ice, 134 ; — of liquids, 126 ; 
— of nickel ami col>alt, 139; of solid>, 
122; — of steam, 330; — water, 134, 
variations in — , 136 
Specific heats of gases, 156; ratio of 
301^ 321 

Specific volume, 253 
Spectrum, 445 
Spheroidal stale, 195 
Steam calorimcier, 135 
Stepan, 457 
Straciati, 134 
Sublimation, 197, 936 
Supersaturation, 171. 

Tate, Pn*/., 25 * 

Tem|.K'ralure, i ; absolute zero of, to* 
— of the sun, 456 ; thermodynamic scale 
of. 345 i ■ "aves, 4*8 
Teinperatiu-e — Entropy diagrams, 357 
Therm, 1*2 
Thermo-couple, 40s 

Thermodynamics, first law of, 084 ; second 
law of—, 339, 366 

Thermometer, 3 ; air—, 99, 106 ; alcohol- , 
16 ; clinical — , 19 ; exposed column of—, 
34 ; fixed points of—, 9 ; —for high lem- 
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peratures, ao, 228, 399 ; in equalities in 
tx>re of tube of—, 29 ; correction for 
do., 33 ; maximum and minimum — , 18 ; 
platinum resistance — , 399 : sensitive 
mercurj'— , 15 ; vapour pressure, 228 ; 
weight—, 67, 87 

Thermometric conductivity, 429 ; — scales, 

Thermopile, 408 

Thermoscope, 3, 438 

Theory of exchanges, 451 

Theta-Phi diagrams, 357, 363 

Thiriorier, 86, 212 

Tkamson, James y 177, 306 

TihUn, 139 

Tomlinson^ Chas., 187 

Total heat of steam, 153 

Transference of heat, 120, 413, 416, 436 

Travers, Dr., 217 

Triple point, 233, 239 

Tuttan, 61 

Tyndall, 181, 429, 448 


Units, primary and derived, 259 -261 
Unit quantity of heat, i?t 


I'^an der IV aals, 305 

Vapour, t83, 208 densities, 24/ ; —pres- 


sure, 2tt, 22t: —pressure,^ comparison 
of, 227 ; — pressure, correction for, 231 ; 
—pressure of mixtures, 232 : —pressure 
thermometer, 228 ; saturated—, expan- 
sion of, 240, 329 
Velocity, mean sq^ipre, 292 
Velocity of sound, 3*.^ 

Volume and pressure of a gas, 90 


Water, expansion of, 69 ; maximum den- 
sity of, *82, 412 
ll^aterston, 303 
If'att, 153 
IVeker, 177, 457 
IVeedoH, 44 

Weight thermometer, 67, 87 
Wet and dry bulb hygrometer, 245 
IVheatstone's bridge, 398 
misoH, C. T. A’., 184 
IVoestyn, 140 
Wollaston, 184, 223 

Work, 263 ; — performed in compressing 
gas, 297 ; — expressed in terms of entro- 
py and temperature, 356 ; internal — « 
298 

Zero, absolute, of temperature, 102, 294 
346 
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